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Abstract 
Genetic Mapping and Pathology of a Barley Leaf Rust Resistance 
Gene from Hordeum bulbosum 
 
By 
Xiaohui Yu 
 
Barley leaf rust, caused by Puccinia hordei, is one of the most widely distributed and economically 
significant foliar disease of barley. In this study, the disease resistance of two Hordeum bulbosum 
introgression lines (ILs) ‘182Q20’ and ‘200A12’ to P. hordei was characterized, and the resistance 
gene conferred by the H. bulbosumintrogression of IL ‘200A12’ was mapped. 
Disease resistance of ILs ‘182Q20’ and ‘200A12’ was evaluated at seedling and post-seedling stages 
under greenhouse conditions by using a conventional method by assessing uredinia counts and 
disease symptoms, and a novel quantitative method by assessing fungal growth in the infected leaf 
tissues. The study showed that at seedling stage both introgression lines ‘182Q20’ and ‘200A12’ had 
partial resistance to P. hordei, and very susceptible host responses were observed for both 
introgression lines when plants were inoculated with high levels of urediniospores. While at post-
seedling stages, the disease resistance of the both introgression lines, especially ‘200A12’, was much 
more effective than at seedling stage. In addition, as plant development progressed the disease 
resistance of the two introgression lines was more effective. At adult plant stage, nearly complete 
resistance was observed for the two introgression lines. 
The disease resistance of IL ‘200A12’ is conferred by a homozygous H. bulbosum introgression at the 
distal end of barley chromosome 1HL. An F2 mapping population of 1368 plants, derived from IL 
‘200A12’ and its barley genetic background ‘Emir’, was developed to map the resistance gene of IL 
‘200A12’. A total of 19 F2 interspecific recombinant lines were identified, and selfed to obtain F3 
homozygous recombinant lines. The phenotyping of these F3 homozygous recombinant lines was also 
carried out with both conventional visual assessment method and novel fungal biomass assay. With 
the help of these two assessment methods, the F3 homozygous recombinant lines were readily 
classified into susceptible or resistant group. Coupling with the genotyping results of F3 homozygous 
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recombinant lines based on 47 polymorphic markers within the H. bulb sum region, the H. bulbosum 
introgression containing resistance locus was narrowed from 0.75 cM to 0.15 cM, and located at the 
proximal end of the original introgression. 
The quantitative fungal biomass was proven useful for evaluation of disease resistance, especially 
partial resistance, of barley plants to P. h rdei, and rovided more accurate results than conventional 
visual assessment method. 
Overall, this study has proven that the two H. bulbosum introgression lines, ‘182Q20’ and ‘200A12’, 
was partially resistant to P. hordei at eedling stage, but more effective at post-seedling stages. The 
H. bulbosum introgression of ‘200A12’ containing resistance locus has been narrowed to a 0.15 cM 
genomic region. The closely linked markers to this confined genomic region will be used as effective 
molecular tools for barley breeding programs to accelerate the utilization of this valuable resistance 
gene of IL ‘200A12’. 
Keywords: Hordeum vulgare, Puccinia hordei, Hordeum bulbosum, int ogression line, partial 
resistance, fungal biomass assay, phenotyping, polymorphic markers, interspecific recombination, 
genetic mapping, marker assisted selection (MAS). 
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Chapter 1                                                                                    
Introduction 
1.1 Importance of barley 
Barley (Hordeum vulgare L.) was one of the first domesticated cereals and served as a founder crop 
of modern agriculture (Park et al., 2015). Today, barley ranks fifth in global production among all 
crops after maize (Z a mays), wheat (Triticum spp.), rice (O yza sativa) and soybean (Glycine max) 
(Food and Agriculture Organization of the United Nations, 2014). Barley is considered to have been 
originally cultivated as human food, but in recent times the primary uses of barley have evolved into 
animal feed and malt, with only about 2% directly used for human food (Baik & Ullrich, 2008). Due to 
its high tolerance to a wide range of environments, barley still plays an important role in food supply 
in regions with extremes of altitude and latitude (Park et al., 2015). In New Zealand, barley is one of 
the most important crops. In 2016, the cultivation area of barley was the l rgest among all cereal 
crops and the production is the second highest with 345,052 metric tons (mt) following wheat 
(417,554 mt) (Statistics New Zealand, 2016). 
1.2 Leaf rust of barley 
However, like most cultivated crops there are various abiotic and biotic stresses, such as nutrient 
stress, water stress, pests and diseases, limiting the yield of barley. Of th  di eases (e.g. powdery 
mildew caused by Blumeria graminisf. sp. hordei, stripe rust caused by Puccinia striiformis f. sp. 
hordei, and scald caused by Rhynchosporium secalis), leaf rust caused by Pu cinia hordei is one of the 
most important diseases of barley and is widely distributed in major growing areas all over the world 
(Clifford, 1985; Park et al., 2015).  In recent decades, the incidence of leaf rust has increased in barley 
growing regions mainly due to the more intensive cultivation (Park et al., 2015). 
The primary damage caused by leaf rust on barley p ants i  he reduction in green leaf area which is 
used for photosynthesis and hence yield. In addition, rust infection has detrimental effects on the 
transport of nutrients and respiration of plants, resulting in stunted growth and reduced fertile tiller 
numbers (Clifford, 1985). In the severe cases, leaf rust can also infect barley spikes and cause losses 
of grain yield and quality. Although barley leaf rust seldom leads to widespread epidemics, the 
regionally severe losses caused by barley leaf rust have been reported from most growing areas. For 
example, an average yield loss of 31% caused by barley leaf rust to a susceptible barley cultivar 
Barsoy was reported in North America (Griffey et al., 1994). Barley leaf rust survey data from the 
United Kingdom indicated that between 2001 and 2005, the barley leaf rust caused national yield 
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losses of £2.4 million a year (at £100 per ton) despite chemical treatment (Edwards & Dodgson, 
2008). In Australia, the study by Murray and Brennan (2010) estimated that the barley leaf rust 
causes economic losses of AUD $9 million per year. 
In New Zealand, the importance of barley leaf rust has increased significantly since 1970, especially in 
the Canterbury region of the South Island, possibly due to the change of rotation practice and the 
cultivation of susceptible cultivars (Arnst & Fenwick, 1973; Arnst, 1976; Arnst et al., 1979). Depending 
on the different regions, years and cultivars, yield losses of 7-45% due to barley leaf rust have been 
reported in New Zealand (Arnst et al., 1979; Lim & Gaunt, 1986; Teng, 1978; Wright & Gaunt, 1992) 
mainly via reduced fertile ear numbers (31%) and grain weight (21%) (Whelan et al., 1997). 
1.3 Disease symptoms 
Barley leaf rust is mainly characterized by the orange-brown uredinia or pustules (up to 0.5 mm in 
diameter) dispersed mainly over the upper side but also on the lower side of leaf blades and leaf 
sheaths (Figure 1.1 A). Depending on different host responses, the P. hordei pustules may be 
surrounded by chlorotic halos or green islands (Figure 1.1 B). Under s vere epidemics with high 
disease pressure, stems, glumes, and awns of barley plants can also be rusted. Later in the season, 
blackish-brown telia formed in stripes are usually observed on leaf sheaths but also on stems, heads 
and leaf blades (Figure 1.1 C) (Park et al., 2015). 
 
Figure deleted due to copyright 
 
 
 
 
 
 
 
 
Figure 1.1: Leaf rust of barley caused by Puccinia hordei. (A) Ure inial pustules on leaf blades and 
sheaths of barley, (B) pustules surrounded by green islands, and (C) blackish-brown telia in stripes on 
barley leaves. From P rk et al. (2015). 
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1.4 Disease cycle of barley leaf rust 
Puccinia hordei is a macrocyclic, heteroecious rust pathogen which requires two taxonomically 
unrelated hosts to complete five distinct spore stages in its life cycle (Kolmer et al., 2009). Barley and 
various wild Hordeum species harbouring uredinial and telial spore stages are called telial hosts, 
whereas within aecial hosts such as Ornit galum, Leopoldia, andD pcadi, the rust pathogen 
undergoes pycnial and aecial spore stages (Clifford, 1985). In addition, the basidial spore stage occurs 
during the germination of teliospores (Alexopoulos et al., 1996). 
Puccinia hordei overwinters as teliospores primarily on volunteers, early-drilled crops and dead host 
tissue (Bolton et al., 2008; Clifford, 1985; Kolmer et al., 2009). Dikaryotic, two-celled teliospores are 
produced in midsummer on the leaves and stems of susceptible hosts and remain dormant until the 
following spring (Alexopoulos et al., 1996). At the early stage of teliospore production, a diploid 
nucleus is formed after fusion of the two haploid nuclei in each of the two cells of the spore (Figure 
1.2 a). Early in the spring each cell of the teliospore germinates and produces a hyphal protrusion 
called a promycelium. The diploid nucleus in each cell of the teliospore undergoes meiosis to form 
two types of haploid nuclei ((+) and (-)). Then, these two types of haploid nuclei migrate into 
sterigmata formed on the apical walls to produce two types of basidiospores ((+) and (-)) (Figure 1.2 
b). 
 
Figure deleted due to copyright 
 
 
 
 
 
 
 
 
Figure 1.2: Life cycle of a macrocyclic-heteroecious rust. (a) Mature, diploid teliospore, (b) basidia 
with basidiospores, (c) pycnial (sprermogonial) stage, (d) aecial stage, (e) uredinial stage and (f) telial 
stage. From Alexopoulos et al. (1996). 
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After their formation, the two types of basidiospores are forcibly ejected into the air and carried 
away by the wind. Once deposited on the leaves of an alternative host and environmental conditions 
are suitable (days with temperatures ranging from 15-22°C followed by overnight dews), 
basidiospores germinate directly to produce an appressorium-like structure to penetrate host via 
stoma. A few days after infection, the mycelia nearest to the upper epidermis of the host develop 
spermogonia that open to the surface of the leaf. Each spermogonium produces haploid spermatia 
and receptive hyphae, carrying the same genetic makeup ((+) or (-) type) as the strain of mycelium 
that produced the spermogonium (Figure 1.2 c). The , spermatia are disseminated by insects or 
water movement to the receptive hyphae with the opposite mating types. 
After spermatization, dikaryotic aeciospores are produced in chains within the aecium on the lower 
leaf surface, with each containing a (+) nucleus and a (-) nucleus (Figure 1.2 d). Aeciospores can be 
disseminated by wind or, at times, by insects to find another telial or uredinial host (Bolton et al., 
2008). Once deposited on a suitable host under favourable conditions, aeciospores germinate rapidly 
and usually invade cells through stomata. The resultant infection and colony formation result in 
another pustule called a uredinium, containing dikaryotic urediniospores (Figure 1.2 ). The pressure 
from developing urediniospores causes a break in the host epidermis, and an elongated, streak-like, 
rust-red pustule development (Alexopoulos et al., 1996). 
The urediniospores provide the primary inoculum for initiating epidemics in most production regions, 
as they are the spores perpetuating the fungus throughout the growing season. The urediniosp res 
invade plants via stomata and initial infections are manifested by small chlorotic areas on the leaf or 
the leaf sheath. The pathogen then breaks through the epidermis to form new uredinia and a new 
crop of urediniospores. This repeating cycle recurs several times in the spring and summer (Paulitz & 
Steffenson, 2011). Late in the growing season when plant derived nutrients are declining, uredinia 
convert to telia (Figure 1.2 f). As the season progresses, more and more teliospores and fewer and 
fewer urediniospores are produced until finally only teliospores are formed in what were formerly 
uredinia (Alexopoulos et al., 1996). 
Puccinia hordei isolates infecting the aecial hosts can undergo sexual hybridization, resulting in a 
higher level of pathotype diversity than asexually reproducing populations, where just a few 
pathotypes dominate. In New Ze land, the alternate host is very rare and P. hordei surv ves over 
winter or summer on barley volunteers and propagates through asexual reproduction. However, it 
appears that the frequency of mutation in asexually reproducing populations occurs still enough to 
overcome important resistance genes in barley (Paulitz & Steffenson, 2011). 
 14 
1.5 Pathotype identification of P. hordei 
Pathotype identification of P. hordei can pr vide important information on race prevalence of rust 
populations, effectiveness of resistance genes and arising of new virulence combinations (i.e. new 
races). These information are especially important for breeding and integrated control programmes 
(Park et al., 2015). Pathotype identification of P. hordei has been widely conducted in many parts of 
the world by using different genotypes of barley cultivars which carry varying resistance genes. These 
cultivars used to identify pathotypes of P. hordei are called di ferential genotypes. 
In the study by Clifford (1985), he proposed the use of 10 standard differential genotypes to identify 
the rust isolates which are virulent against resistance genes Rph1 to Rph10. With the discovery of 
more resistance genes to barley leaf rust, additional differentials against resistance genes Rph11, 
Rph12 and Rph19 have been included (Park, 2003) (Table 1.1). An octal system used to designate 
barley leaf rust pathotypes was proposed by Gilmour (1973). The isolate pathotype is determined by 
adding the corresponding values of each differential to which this isolate is virulent. 
The pathotyping test conducted a Plant & Food Research, Lincoln showed that most resistant genes, 
Rph1, Rph2, Rph3, Rph4, Rph6, Rph9, Rph10, Rph12 and Rph19, have been overcome by New 
Zealand barley leaf rust isolates (Soonie et al., unpublished). 
Table 1.1: Standard differential used to assign octal pathotype designations to Puccinia hordei 
isolates From Park (2003). 
Host genotype Resistance genes Octal value 
Sudan Rph1 1 
Peruvian Rph2 2 
Estate Rph3 4 
Gold Rph4 10 
Magnify 104 Rph5 20 
Bolivia Rph2 + Rph6 40 
Cebaba capa Rph7 100 
Egypt 4 Rph8 200 
Abyssinian Rph9 400 
Clipper BC8 Rph10 1000 
Clipper BC67 Rph11 2000 
Triumph Rph12 4000 
Prior Rph19 P 
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1.6 Control methods 
1.6.1 Cultural practices 
The primary principle of cultural practices is to disrupt the disease cycle of rust pathogens by 
reducing over-seasoning inoculum (Park et al., 2015). In New Zealand, P. ho dei survives over winter 
or summer on barley volunteers. The incidence of the disease can be reduced by minimizing the 
‘green bridge’ through grazing or applying herbicide to remove barley volunteers emerged after 
summer or autumn rains (Jayasena et al., 2008). In addition, early planting or using early maturing 
cultivars can reduce or avoid the exposure of barley plants to rust pathogens and reduce incidence of 
the disease (Paulitz & Steffenson, 2011). 
Balanced nitrogen fertilizer application is another cultural practice to control not only barley leaf rust 
but also other diseases. Because excessive N concentrations can cause physically softer plant cell 
structures and provide high levels of N to feed pathogens (AHDB Cereals & Oilseeds, 2016). 
1.6.2 Fungicides 
Fungicide sprays is an effective method which can be used to control not only barley leaf rust but 
also other foliar fungal pathogens (Paulitz & Steffenson, 2011). A number of fungicides have been 
proved useful to control barley leaf rust, which includes spyroxamine, tebuconazole, epoxiconazole, 
triadimenole, trifloxystrobin, diclobutrazol and propiconazole (Clifford, 1985; Nagy et al., 2010; Park 
et al., 2015). In the experiment conducted by Nagy et al. (2010), the effectiveness of several 
fungicides (spyroxamine, tebuconazole, triadimenole and trifloxystrobin) on the control of barley leaf 
rust was tested, and the results showed that treatment with one or two fungicide applications 
resulted in a 7.9% and 18.2% yield increase, respectively in comparison to the untreated plots. In 
New Zealand, most of the triazoles (Table 1.2) and strobilurins (Table 1.3) are effective to control 
barley leaf rust. 
Although fungicidal control is effective, this method is expensive and has potentially detrimental 
effects on humans and the environment. To reduce the detrimental effects caused by fungicides, the 
deployment of resistant cultivars through genetic breeding is considered to be the best method to 
control barley leaf rust (Park et al., 2015). 
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Table 1.2: Group C - DMI’s Azole fungicides (usually referred as triazole or azole group) currently 
registered in New Zealand for foliar diseases control (Foundation for Arable Research, 2009). 
Chemical Name Trade Name
Registered in New Zealand for use on 
Cereals Other Crops
Difenoconazole  Score No Yes 
Epoxiconazole  Opus/Accuro/Stellar  Yes  No 
Cyproconazole  Alto  Yes  Yes 
Flusilazole  Nustar  No Yes 
Fluquinconazole  Ga mano (seed treat only)  Yes  No 
Propiconazole  Tilt/Bumper  Yes  Yes 
Tebuconazole  Folicur/Axis Gold  Yes  Yes 
Triadimefon  Miltek  No Yes 
Triadimenol Cereous/Tribute Y s  Yes 
Prothioconazole Proline Yes  Yes 
Prochloraz Mirage/Sportak Yes  Yes 
Spiroxamine Impulse Yes  Yes 
Fenpropidin Tern Yes  No 
Fenpropimorph Opus Team* Yes  No 
* Mixture of fenpropimorph with epoxiconazole 
Table 1.3: Group K - Strobilurin fungicides currently registered in New Zealand for foliar diseases 
control (FAR, 2009). 
Chemical Name Trade Name
Registered in New Zealand for use on 
Cereals Other Crops
Azoxystrobin  Amistar Yes  Yes 
Pyraclostrobin  Comet Yes  Yes 
Trifl oxystrobin Tw st No Yes 
Picoxystrobin Acanto Yes No 
Kresoxim methyl* Allegro Yes No 
Fluoxastrobin* Fandango Yes Yes 
* Available in cereals only in mixture with epoxiconazole 
** Available in cereals only in mixture with prothioconazole 
 
1.6.3 Resistance breeding 
Host resistance to leaf rust in cultivated barley has been characterized into two types: (1) 
hypersensitive or major resistance, and (2) quantitative or partial resistance (Johnston et al., 2013). 
Hypersensitive resistance can inhibit rust development through localized cell death, and result in 
highly resistant infection types to barley leaf rust. During this process, R genes in host plants and the 
corresponding avirulence (Avr) effector gene in rust isolates are mainly involved (Bettgenhaeuser et 
al., 2014). Thus, the hypersensitive resistance conditioned by R genes is only effective to the rust 
isolates carrying the compatible Avr effector genes, making this type of resistance race-specific. In 
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addition, the monogenic nature renders hypersensitive resistance nondurable due to the appearance 
of new pathotypes (Paulitz & Steffenson, 2011). 
To develop cultivars with durable resistance to barley leaf rust, researchers are utilizing partial or 
‘slow rusting’ resistance. Unlike the complete elimination of disease symptoms by hypersensitive 
resistance genes, partial resistance is characterized by a susceptible infection type but coupling with 
a reduced rate of epidemic build-up or reduced disease serenity by pathogen (Parlevliet, 2002). 
Partial resistance genes are normally conditioned by a number of quantitative trait loci (QTL) with 
minor effect (prefixed by Rphq) of which 20 QTLs have been identified from barley and barley wild 
relatives (Johnston et al., 2013). The polygenic nature makes partial resistance more durable than 
hypersensitive resistance but also more difficult to utilize in breeding programs (Johnston et al., 
2013). 
Due to intensive breeding for improved performance and quality, resistance resources in barley elite 
cultivars are very limited. Thus, Ho deum bulbos m, the only member of the secondary gene pool of 
cultivated barley, has been long investigated for novel trait genes which are not available in H. 
vulgare (B igitte Ruge-Wehling & Wehling, 2014). Although there are incompatibility barriers 
between H. bulbosum (2n = 4x) and H. vulg re (2n = 2x), double haploid interspecific hybrids can still 
be produced due to chromosome elimination of H. bulbosum (Ka ha & Kao, 1970). Introgression lines 
(ILs) with genomic segments from H. bulbosum introduced into H. vulgare genetic backgrounds were 
first produced from such double haploid interspecific hybrids 30 years ago (Szigat & Pohler, 1982) 
and were confirmed by using n situ hybridisation and Southern blotting (Pickering et al., 1995; Xu & 
Kasha, 1992). These ILs provide important genetic resources to explore the novel trait genes in H.
bulbosum and enable the utilization of diverse genes outside of the primary gene pool (cultivated 
and wild barley H. vulgare subsp. spontaneum) to improve cultivated barley (Johnston et al., 2013). 
1.7 Research context and objectives 
In this project a line called ‘200A12’ (coded as ‘‘E-1HL’ in Pickering et al., 2004) was used.  This line 
has the very end of chromosome 1HL transferred from H. bulbosum in o the barley genome. This 
introgression from the H. bulb sum genome carries a partial or ‘slow rusting’ resistance gene to P. 
hordei. 
The presence of this resistance gene in ‘200A12’ resulted in a 16% longer latent period of P. hordei 
relative to its barley genetic background cultivar (cv) ‘Emir’ (Table 1.4), and 43% and 15% reductions 
in infection frequency compared with cvs. ‘Emir’ and ‘Vada’, respectively (Pickering et al., 2004). 
Prolonged latent period was considered to be the most crucial parameter used to identify partial 
resistance (Neervoort & Parlevliet, 1978). In addition, ‘200A12’ had ev n a higher percentage of early 
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abortion and smaller established P. ho dei colonies han ‘Vada’ and ‘Emir’ (Table 1.5), indicating a 
higher level of partial resistance. Since early aborted colonies were normally associated with the 
defence mechanism by blocking rust haustorium formation at penetration sites on plant cell walls, 
but not hypersensitivity (Pickering et al., 2004). 
 
Table 1.4: Latent period (LP, hours in parenthesis for L94; and as a % of L94), and infection type (IT) 
of isolate 1.2.1 of Puccinia hordei n introgression lines. (From Pickering et al., 2004). 
Barley line Relative LP IT# 
L94 100 (136 h) 9 
‘Emir’ 111 9 
‘Golden Promise’ 113 9 
‘Vada’ 134 9 
E-1HL* 129 9 
G -2HL-b§ 146 9 
#Infection type (IT): 9 = fully compatible pustules that may be surrounded by pale green halos 
*E: parental H. vulgare cultiva  is ‘Emir’ 
§G: parental H. vulgare cultiva  is ‘Golden Promise’ 
 
Table 1.5: Infection frequency (IF based on uredinia/cm2), percentage of early aborted (EA) infection 
units (cessation of growth before at least six mycelial branches), and average longitudinal diameter 
of established colonies of Puc inia hordei isolate 1.2.1 in seedling leaves of two recombinant lines 
and two barley cultivars. (From Pickering et al., 2004). 
Barley line IF %EA Length of established colonies (μm) 
‘Emir’ 115 10 322 
‘Vada’ 76 12 314 
E-1HL 65 26 228 
G -2HL-b 27 51 212 
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The overall goal of this project was to map the resistance locus conferred by H. bulbosum 
introgression on barley chromosome 1HL based on a F2 population derived from ‘200A12’ and ‘Emir’. 
The specific objectives of this research were as follows: 
1. To identify lines which had interspecific recombination events within the introgression 
region from a F2 population derived from ‘200A12’ and ‘Emir’, and self these F2 recombinant 
lines to obtain F3 homozygous recombinant lines.  
2. Characterize the host responses of two H. bulbosum introgression lines ‘200A12’ and 
‘182Q20’ (‘G-2HL-b’ in Pickering et al. 2004), their barley genetic backgrounds ‘Emir’ and 
‘Golden Promise’, respectively, resistant control ‘Vada’, and susceptible control ‘Gus’ at 
seedling and post-seedling stages against one isolate of P. hord i.  
3. Genotype these F3 homozygous recombinant lines with markers which can discriminate 
between the genomes of H. vulgare andH. bulbosum. Phenotype the F3 homozygous 
recombinant lines against P. hordei. Based on the genotyping and phenotyping results, 
identify the narrowed genomic region containing the resistance locus and the markers 
closely linked to this region. 
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Chapter 2 
Development of mapping population 
2.1 Introduction 
2.1.1 Mapping populations 
Development of a mapping population derived from two parents differing in the traits of interest, 
such as high yielding, disease resistance and drought tolerance, is the first step to map the alleles 
conferring this trait (Collard et al., 2005). Given different requirements, populations used for 
mapping mainly consist of F2, backcross (BC), double haploid (DH) and recombinant inbred (RI) 
populations with each type possessing advantages and disadvantages (Collard et al., 2005). F2 
populations, produced by self-crossing individual F1 hybrids, and BC populations, produced by 
crossing F1 hybrid with one of the parents, are the simplest mapping populations used for self-
pollinating species. The advantages of these two types of populations are that they are easy to 
develop and only a short time is required to produce. RI populations are produced by inbreeding 
individual F2 pl nts, resulting in a series of homozygous lines. Each RI line contains a unique 
combination of chromosomal segments from the original parents. However, the time required for 
construction of the RI populations is the biggest disadvantage for its usage since usually six to eight 
generations are needed. DH populations are produced by the induction of chromosome doubling of 
haploid plants developed using anther culture or interspecific chromosome elimination (Seymour et 
al., 2012). Thus, the usage of DH populations is restricted to species which are amenable to tissue 
culture (including cereal species such as rice, barley and wheat). Both RI and DH populations produce 
homozygous or ‘true-breeding’ lines that can be reproduced without genetic change occurring, 
representing identical material for mapping studies across different laboratories and years. 
2.1.2 Parental lines for mapping population development 
The parents us d for the mapping population development were an introgression line (IL) ‘200A12’ 
and a barley (Hordeum vulgare) cultivar ‘Emir’. The barley cultivar ‘Emir’ is highly susceptible to 
barley leaf rust (caused by Puccinia hordei), while IL ‘200A12’ is found to show resistance to the 
disease due to an introgression segment introduced from Hordeum bulbosum (Pickering et al., 2004),
a wild relative of cultivated barley. The IL ‘200A12’ was created by firstly making a cross between 
tetraploid H. bulbosum genotype ‘A17’ (BBBB) and diploid barley cultivar ‘Emir’ (VV) to produce 
partially fertile triploid seeds (VBB), where V and B represent the genome constitution of H. vulgare 
and H. bulbosum, respectively. Diploid progeny (VB) were then produced by using triploid hybrid as 
the pollen parent to backcross with its barley parent ‘Emi ’ due to elimination of the H. bu bosum 
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chromosomes. The IL ‘200A12’ was produced when an interspecific recombination event occurred 
during formation of pollen. 
2.1.3 Molecular study of the introgression line ‘200A12’ 
In a previous study, genotyping by sequencing (GBS) reads from the IL ‘200A12’ were mapped to a 
barley reference for single-nucleotide polymorphisms (SNPs) detection (Wendler et al., 2015). The 
comparison of SNPs between the IL ‘200A12’ and its H. bulbosum parent ‘A17’ and H. vulgare parent 
‘Emir’ identified H. bulbosum(Hb)-specific SNPs when a SNP had the same genotype call as ‘A17’ but 
different genotype call from ‘Emir’. These Hb-specific SNPs demonstrated that the IL ‘200A12’ 
possessed a homozygous introgression region at the distal end of the long arm of chromosome 1H 
(Figure 2.1). This allowed the present study to focus on the development of polymorphic markers 
within the targeted introgressed chromosome segment. 
 
 
Figure deleted due to copyright 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Hb-specific SNPs of the IL ‘200A12’ indicated the position of the introgressed segments. A) 
The SNP frequency was visualized in a physical map with a colour scale ranging from 0 SNPs/5Mbp 
(white) to 110 SNPs/5Mbp (red). B) The SNP frequency was visualized in a genetic map with a colour 
scale ranging from 0 SNPs/2cM (white) to 150 SNPs/2cM (red). (Wendler et al., 2015). 
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2.1.4 Flanking markers linked to the introgression region 
Based on the identified SNPs between the IL ‘200A12’ and its H. vulgare and H. bulbosum parents at 
the distal end of chromosome 1HL (Wendler et al., 2015), 21 cleaved amplified polymorphic 
sequences (CAPS) and 48 high resolution melting (HRM) markers were designed for amplification and 
validation with three types of DNA templates: ‘Emir’ (VV), hybrid from ‘Emir’ × ‘200A12’ (VB) and 
‘200A12’ (BB) (Kong, 2015). These results indicated that 7 CAPS and 14 HRM markers allowed co-
dominant discrimination of the three possible genotypes (VV, VB and BB), while another 8 CAPS and 
14 HRM markers were only capable of identifying two homozygous genotypes. Among these 
validated markers, CM_1186 was the proximal limit of the introgression region and used as the 
proximal flanking marker for mapping population development. The distal flanking marker used in 
this project was H31_14212 which was designed by Johnston et al. (2009) based on the barley EST 
sequence from https://www.ncbi.nlm.nih.gov/nucest/BF625034. The two flanking markers CM_1186 
and H31_14212 were at 125.992 cM (94.73%) and 132.507 cM (99.63%), respectively to the barley 
chromosome 1HL according to the Morex genome released by International Barley Genome 
Sequencing Consortium (2012), indica ing that the original introgression in ‘200A12’ covered a length 
of 6.515 cM.  Both markers were co-dominant CAPS markers. 
2.1.5 Cleaved amplified polymorphic sequence (CAPS) 
CAPS is a technique used for detection of genetic variation by combining both the polymerase chain 
reaction (PCR) and restriction enzyme digestion, which is also known as PCR-RFLP marker. The CAPS 
assay is conducted by firstly amplifying a specific region of DNA templates using a pair of primers 
through PCR (Figure 2.2 A), digesting PCR products with a specific restriction enzyme (Figur  2.2 B) 
and separating digested amplicons on agarose gels (Figure 2.2 C). DNA templates with different 
genotypes for the CAPS marker result in different-sized digested amplicons which form various 
fragment patterns after electrophoresis separation in gel pictures (Figure 2.2 D). CAPS is capable of 
distinguishing between different allele combinations. 
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Aim 
In the current study, an F2 mapping population coupling with a limited mapping strategy was used. 
The primary principle of this mapping strategy was to concentrate the genotyping and phenotyping 
efforts on the F2 i terspecific recombinant lines which had reduced sized H. bulbosum introgression 
segments. F3 homozygous recombinant lines derived from these F2 heterozygous recombinant lines 
were used to simply the subsequent marker genotyping and pathological phenotyping experiments. 
Thus, the specific objective of this chapter was to first identify F2 in er pecific recombinan s from a F2 
population derived from ‘200A12’ and ‘Emir’. Then, F3 homozygous recombinant lines were identified 
from these F2 t rozygous recombinant lines for the subsequent mapping experiments. 
 
Figure 2.2: Generation and visualization of CAPS markers. A) Primers are used to amplify two 
different inbred ecotyp s, A/A and B/B and the heterozygote A/B. B) Amplicons with different cut 
sites are cut into various fragments by specific restriction enzyme. C) Digested am licons are 
separated by agarose gel electrophoresis. D) After separation of the digested amplicons, different 
genotypes will give readily distinguishable fragment patterns (Konieczny & Ausubel, 1993) 
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2.2 Materials and methods 
2.2.1 Plant material 
Prior to the commencement of this project, a backcross between ‘Emir’ and ‘200A12’ was 
undertaken and F1 hybrid plants were confirmed using molecular markers.  Selfed F2 seed fr m these 
hybrids were then used as a mapping population in this project (Figure 2.3 A).  All the F2 seeds used 
in this project were provided by Plant and Food Research, Lincoln. 
F2 seedlings were raised in 72-cell trays (50 x 25 cm) containing potting mix with one seed in each 
cell. The potting mix consisted of three parts shredded bark (Pinus radiat) to two part  wash
crushed sand, supplemented with 6.4 kg/m3 dolomite lime, 3.32 kg/m3 “Osmocote 14-16.1-1.6”, 
104 kg/m3 superphosphate, 120 g/m3 calcium nitrate, 56 g/m3 FetrilonCombil” (BASF), and 1 kg/m3 
“Micromax”. After sowing, seedling trays were kept in a glasshouse at 20-23°C for approximately two 
weeks, or until seedlings reached the two-leaf stage. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 : Identification of F2 interspecific recombinants where dashed areas represent the 
introgression region transferred from Hordeum bulbosum, while blank areas represent the chromatin 
of Hordeum vulgare(V). A) A breeding scheme was previously conducted to produce a F2 population. 
B) F2 population was screened with the two flanking markers for identification of interspecific 
recombinants. 
 25 
2.2.2 DNA extraction 
When plants were at two-leaf stage, a fresh young leaf tissue segment of approximately 4.0 x 1.0 cm 
was collected, using scissors and tweezers, from each plant and placed into a 1.2 mL deep 96-well 
plate (Axygen). The plate was pre-fil ed with two tungsten carbide balls (Qiagen) per well using the 
drilled Perspex adaptor. Only leaf tissue from a single plant was placed into each well. After each 
collection, the scissors and tweezers were cleaned using a solution of dishwashing detergent. The 
collected leaf tissues were first kept at -20°C for at lea  2 hours before being freeze-dri d in a 
vacuum chamber (0.4mBar) at -30°C for 48 hours. Genomic DNA was then extracted from the fr eze-
dried samples using modified MAS DNA extraction method (Chao & Some s, 2012) outlined below. 
The freeze-dried samples were first disrupted using the Tissuelyser II (Qiagen) at 20 Hz for four-1 min 
cycles. The plate was rotated in between each cycle to ensure even disruption. The disrupted 
samples were then centrifuged at 172 × g at 20°C for 1 min. An extraction buffer (0.1M Tris-HCl pH 
7.5, 0.05M EDTA pH 8.0, 1.25% SDS) (35 mL per plate) was pre-heated at 65°C in water bath. Shortly 
after 5 mg/mL RNaseA (100 µL per plate) was added to the extraction buffer, 300 µL of the buffer 
was added to each well of the plate. The plate was immediately sealed with a silicon mat (Axygen) 
and inverted 20 times to mix. Then the plate was centrifuged at 172 × g for 1 min and incubated at 
65°C for 30 min. 
After incubation, the plate was kept at 4°C for 20 min to help rapidly cool the samples to room 
temperature. A 150 µL aliquot of 6M ammonium acetate was added to each well. The plate was 
sealed with the silicon mat and inverted 20 times to mix samples using the Perspex mat holder. The 
plate was returned to 4°C for a further 15 min and then centrifuged at 2,755 × g at 4°C for 20 min. 
After which, 200 µL of the supernatant was transferred from each well, using a multichannel pipette, 
into the corresponding well of a fresh plate containing 120 µL of isopropanol per well. These were 
mixed by swirling the plate several times. Then the plate was stood at room temperature for 15 min 
to precipitate the DNA and subsequently centrifuged at 2,755 × g at 20°C for 20 min. The 
supernatant was gently tipped off and the plate blotted dry on tissue paper. 
The resultant pellets were then washed with 250 µL of 70% ethanol (EtOH) and centrifuged at 2,755 
× g at 20°C for 15 min. The supernatant was gently tipped off and the plate blotted dry on tissue 
paper. The pellets were then air-dried at 65°C for 10 min before suspending in 250 µL of 4% Cresol 
Red and 250 µL mineral oil (Sigma). The plate was then centrifuged at 172 × g at 20°C for 1 min a d 
kept at 4°C overnight to enhance further suspension. 
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2.2.3 Identification of F2 interspecific recombinants 
Two flanking markers, CM_1186 and H31_14212 (Table 2.1), were used to determine the genotype 
(homozygous VV, heterozygous VB or homozygous BB) of F2 individuals at the proximal and distal 
ends of the introgression region, respectively using Polymerase Chain Reaction (PCR). Interspecific 
recombinants were identified when an F2 individual ad different genotype calls at the loci of 
CM_1186 and H31_14212 (Figure 2.3 B). 
Table 2.1: Primer sequences (F=forward and R=reverse) of the two flanking markers used for 
mapping population development. 
 
 
 
Both markers were amplified separately in a 10 µL reaction mixture, which contained 1 µL of 10X PCR 
buffer (Thermo Fisher), 1 µL of 2 mM dNTPs (Fermentas), 1 µL of 25 mM MgCl2 (Thermo Fisher), 0.15 
µL of each 20 µM primer (Bioneer), 0.04 µL of 5U/µL Thermo-Prime Taq DNA polymerase (Thermo 
Fisher), 1 µL of DNA template (approximately 20 ng/ µL) and 5.66 µL of sterile water. Amplification 
was performed on a Mastercycler Pro S (Eppendorf). The PCR conditions for both markers were 
identical: an initial denaturation at 94°C for 2 min followed by 40 cycles of denaturation at 94°C for 
30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s, with a final extension at 72°C for 5 
min. 
After amplification, the 10 µL PCR products were digested with 2U of one of the restriction enzymes 
(AluI and HinfI). The digests were incubated at 37°C for 4 hours. For CM_1186/AluI, the digested 
amplicons were separated by running on a 2.5% agarose gel at 280V for 10 min and then visualized 
under UV (Gel Doc™, Bio-Rad) after staining with ethidium bromide (0.5 µg/mL) for 1 hour. For 
H31_14212/HinfI, the result of digestion was visualized by electrophoresis with a 2.5% agarose gel at 
240V for 20 min and then staining with ethidium bromide (0.5 µg/mL) for 1 hour before UV. For both 
markers, 2 µL of 1 Kb plus DNA ladder (1 µg⁄µl; ThermoFisher) was used as a molecular weight 
marker. 
2.2.4 Retesting of identified F2 interspecific recombinants 
Identified F2 recombinant lines were transferred into pots (18 cm in diameter) containing potting mix 
(Section 2.2.1), with a single plant in each pot. The DNA of these recombinant lines were extracted 
Maker name Marker type PCR primers sequence bases (5’-3’) Annealing temp (°C )
CM_1186 CAPS/AluI 
F: AACATGGTGCAGGTTTGGTC  
55°C 
R: TGACTGAAGCCCGACTATCC  
H31_14212 CAPS/HinfI 
F: GGGTTTTTGCTGYCCAAGTK  
55°C 
R: TGGSGATGCTGCAATCAA  
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again and rescreened with the two flanking markers CM_1186/AluI and H31_14212/HinfI using the 
same methods described in Sections 2.2.2 and 2.2.3. 
The recombinant lines which were confirmed by the retest remained in the pots to self-pollinate. 
Self-pollination is a natural mode of barley reproduction and no artificial procedures are needed to 
ensure self-crossing. F3 seed  resulting from these recombinant lines were collected and dried at 
30°C for 3 days. 
2.2.5 Identification of F3 homozygous recombinant seeds 
The genotypes of F3 rogenies for the two flanking markers were determined using DNA extracted 
from seeds instead of leaf tissues. By this way, the F3 homozygous recombine lin s were identified 
without raising up F3 pla ts. In addition, the identified F3 homozygous recombinant seeds were 
directly used for pathological phenotyping experiment, which reduced the time required to obtain F4 
homozygous recombinant seeds from F3 plant  and enabled all the recombinant lines were at the 
same stage for host response evaluation. 
Another F2 interspecific recombinant line, ‘377B_14’, which was previously identified by Kong (2015) 
was included for identification of F3 homozygous recombinant seeds. For each F2 recombinant line, 
20 to 80 F3 seeds were screened with the two flanking markers CM_1186 and H31_14212. Seed DNA 
was extracted using a slightly modified quick seed extraction protocol (von Post et al., 2003). A small 
amount of white endosperm was scraped off each seed (held with tweezers) using a scalpel blade 
and then transferred into a 1.5 mL Falcon™ tube. To each tube, 40 µL of 0.15 M NaOH was added and 
the samples heated in a 700W microwave oven at 10% power for 1 min. After which, 150 µL of 0.03 
M Tris-HC l (pH 8.0, 1mM EDTA) was added into each tube and the samples kept at 4°C for at least 1 
hour. Before PCR, the samples were diluted at 1:20 with double distilled water (ddH2O). 
DNA templates were amplified with the two flanking markers CM_1186 and H31_14212 using then 
same method described in Section 2.2.3. Homozygous recombinant seeds were identified when an F3 
individual had different homozygous genotypes between CM_1186 and H31_14212 loci (VV and BB 
or BB and VV) (Figure 2.4). Identified F3 homozygous recombinant seeds from each F2 recombinant 
line was retained as a F3 homozygous recombinant line and were used for the subsequent 
phenotyping and genotyping experiments. 
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2.3 Results 
2.3.1 Genotype calls of the two flanking markers 
Three potential genotype calls (VV, VB and BB) at the locus of CM_1186 are shown in Figure 2.5 A. 
Genotype call VV was characterised by a single band approximately 150 base pair (bp) long. 
Genotype call BB had one single band approximately 100 bp. Genotype call VB had both bands, one 
150 bp and one 100 bp long which are characterized as VV and BB, respectively. 
Three potential genotype calls (VV, VB and BB) at the locus of H31_14212 are shown in Figure 2.5 B. 
Both genotype calls VV and BB had one single band around 150 bp and 100 bp long, r spectively. 
Genotype VB resulted in three digested fragments with lengths of 200 bp, 150 bp and 100 bp, 
showing three bands in the gel picture. The upper band of VB genotype was probably a heteroduplex 
band which was made up of one V and one B amplicon annealed together, showing as a larger 
fragment on the gel. 
 
 
Figure 2.4 : Identification of homozygous F3 interspecific recombinants. By inbreeding individual F2 
recombinant plants, each F3 family resulted in three types of progenies (ratio 1:2:1): on  had the 
same genotype as one of the original parents, another had the same heterozygou  gen ype as F2
recombinant line that produced this F3 family, and the other was homozygous recombinant line with 
the reduced sized introgression. 
 29 
 
 
 
 
 
 
 
 
 
2.3.2 Identification of F2 interspecific recombinants 
In total, 1368 F2 plants were screened for identification of interspecific recombinants. Based on the 
genotype results of CM_1186 and H31_14212, 19 interspecific recombinant lines were identified in 
the screening. An example of identification of an interpecific recombinat is shown in F gure 2.6. 
Unlike parental lines and F1 hybrid, F2 nterspecific recombinants had different genotypes between 
CM_1186 and H31_14212 loci. Pluse the line ‘377B_14’ which was previously identified by Kong 
(2015), the genotypes for the two flanking markers of 20 interspecific recombinant lines are outlined 
in Table 2.2. However, the genotypes of the recombinant line ‘377B_794’ for both markers CM_1186 
and H31_14212 were unexpectedly already homozygous. 
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Figure 2.5: Three potential genotype calls (VV, VB and BB) for flanking markersA) CM_1186 and B) 
H31_14212. M = 1 Kb plus DNA ladder. VV, BB and VB represent homozygous H. vulgare, 
homozygous H. bulbosum and heterozygous genotypes for flanking markers. 
Figure 2.6 : An example of an interspecific recombinant identification. The genotype call of the plant 
marked with arrows at the locus of CM_1186 was VB (A), while at the locus of H31_14212 was VV 
(B). M = 1 Kb plus DNA ladder. VV, BB and VBrepresent homozygous H. vulgare,homozygous H. 
bulbosum and heterozygous genotypes for flanking markers. 
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Table 2.2: Genotypes of parental lines ‘200A12’ and ‘Emir’, the F1 hybrid and 20 F2 interspecific 
recombinant lines identified from F2 population for flanking markers CM_1186 and H31_14212. VV, 
BB and VB represent homozygous H. vulgare, homozygous H. b lbosum and heterozygous genotypes 
for flanking markers. 
Barley lines Genotypes for CM_1186 Genotypes for H31_14212 
200A12 BB BB 
377B_311 BB VB 
377B_1073 BB VB 
377B_1120 BB VB 
377B_1325 BB VB 
377B_1079 BB VB 
377B_14* BB VB 
377B_794 BB VV 
377B_708 VB BB 
377B_935 VB BB 
377B_1287 VB BB 
377B_1365 VB VV 
377B_713 VB VV 
377B_953 VB VV 
377B_1122 VB VV 
377B_1262 VB VV 
377B_1296 VB VV 
377B_348 VV VB 
377B_1270 VV VB 
377B_811 VV VB 
377B_1323 VV VB 
Emir VV VV 
F1 hybrid VB VB 
*The genotypes of ‘377B_14’ for the two flanking markers were previously determined by (Kong, 
2015). 
2.3.3 Identification of F3 homozygous recombinant line 
In total, 760 F3 seeds derived from the 20 different F2 recombinant lines were screened for 
homozygous recombinants. For the line ‘377B_14’, 80 F3 seeds were only screened with the marker 
H31_14212 (because the previous test by Kong (2015) sh wed that ‘377B_14’ had fixed BB genotype 
for marker CM_1186 (Table 2.2)), and only one seed with homozygous genotype VV was identified. 
Further test of this seed with another flanking marker CM_1186 showed that a heterozygous 
genotype VB was observed for ‘377B_14’ (Table 2.3). For the unusual recombinant line ‘377B_794’ 
which was already homozygous for markers CM_1186 (BB) and H31_14212 (VV), all the screened F3 
seeds also had identical genotypes for both markers, respectively (BB for CM_1186 and VV for 
H31_14212). Apart from these two lines (‘377B_14’ and ‘377B_794’), 2 to 12 F3 homozygous 
recombinant seeds were identified from each F2 recombinant line. These F3 homozygous 
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recombinant seeds identified from each of 19 F2 interspecific recombinant lines (‘377B_14’ was 
temporarily not considered as a recombinant line in the subsequent experiments) were retained as 
19 F3 homozygous recombinant lines and coded as 377B_XXX_F3 using the corresponding numbers as 
their F2 parents. These 19 F3 homozygous recombinant lines formed a core set of lines for 
subsequent pathological phenotyping and markers genotyping. The genotypes of the 19 F3 
homozygous recombinant lines for markers CM_1186 and H31_14212 are presented in Table 2.3. 
Unlike the parental lines, F1 hybrid and the heterozygous recombinant line i entified from ‘377B_14’, 
the F3 homozygous recombinant lines had different homozygous genotypes at the loci of CM_1186 
and H31_14212 (either VV and BB or BB and VV). 
Table 2.3: Genotypes of parental lines ‘200A12’ and ‘Emir’, the F1 hybrid, the heterozygous 
recombinant line ‘14’ and 19 F3 homozygous recombinant lines for flanking markers CM_1186 and 
H31_14212. 
Barley lines Genotypes for CM_1186 Genotypes for H31_14212 
200A12 BB BB 
377B_311_F3 BB VV 
377B_1073_F3 BB VV 
377B_1120_F3 BB VV 
377B_1325_F3 BB VV 
377B_1079_F3 BB VV 
377B_794_F3 BB VV 
377B_14_F3 VB VV 
377B_708_F3 VV BB 
377B_935_F3 VV BB 
377B_1287_F3 VV BB 
377B_1365_F3 BB VV 
377B_713_F3 BB VV 
377B_953_F3 BB VV 
377B_1122_F3 BB VV 
377B_1262_F3 BB VV 
377B_1296_F3 BB VV 
377B_348_F3 VV BB 
377B_1270_F3 VV BB 
377B_811_F3 VV BB 
377B_1323_F3 VV BB 
Emir VV VV 
F1 hybrid VB VB 
 
2.4 Discussion 
In this chapter, a total of 20 F3 rec mbinant lines, 19 F3 homozygous and one F3 heterozygous 
recombinant lines, were identified by using a F2 population with 1386 pl nts. These recombinant 
lines enabled the original H. bulbosum introgression region of ‘200A12’ to be broken into reduced 
sized segments. Phenotypic difference in disease resistance to P. ho dei was expected to be observed 
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in these recombinant lines. Therefore, the introgression region conferring disease resistance could be 
narrowed. 
Line ‘377B_14’ was previously determined as an F2 heterozygous recombinant line and showed to 
have genotypes BB for marker CM_1186 and VB for marker H31_14212 in the study by Kong (2015). 
However, in the present study one F3 heterozygous recombinant line ‘377B_14_F3’ (VB for CM_1186, 
VV for H31_14212) was unexpectedly identified from the F3 progenies erived from ‘377B_14’. This 
result indicated the F2 plant at produced this heterozygous recombinant line had different 
genotypes from ‘377B_14’ for the two flanking markers. If ‘377B_14’ had the BB genotype for marker 
CM_1186 as indicated by Kong (2015), it would be impossible for ‘377B_14’ to get a VB genotype at 
the CM_1186 locus in its F3 progenies because only heterozygous alleles can result in genotype 
segregation through inbreeding. Thus, the possible reasons to this case could be that 1) the 
‘377B_14’ was actually not an interspecific recombinant line but still identified as one due to a 
mistake during marker screening or 2) the ‘377B_14’ is an interspecific recombinant line but there 
was a mistake during the collection of the F3 se ds with these harvested from a different plant but 
labelled as ‘377B_14’. As for the contamination of DNA template, the possibility was small because 
this heterozygous recombinant line ‘377B_14_F3’ was included in the subsequent genotyping and 
phenotyping experiments, and dubious results were observed and discussed in Chapter 4. However, 
due to the limited time F3 progenies erived from ‘377B_14’ were only screened with the flanking 
marker H31_14212, the genotypes of these F3 progenies, xcept ‘377B_14_F3’, for CM_1186 were 
still unknown. This would be interesting to be investigated in future study. 
Apart from line ‘377B_14’, unexpected genotype results were also obtained from the F2 interspecific 
recombinant line ‘377B_794’ because the genotypes of this F2 recombinant line for the two flanking 
markers were already homozygous (T ble 2.2). The identification of F2 interspecific recombinant line 
‘377B_794’ indicated the presence of the F2 double recombinant (Figure 2.7 B2), although the 
probability of this occurring is very low. Based on the genotype results in Section 0, line ‘377B_794’ 
was presumed to be the result of a recombination event occurring during the formation of both the 
pollen and the egg of the zygote. 
According to the flanking markers information of the F2 population used for identifying 
recombinants, the genetic distance between flanking markers CM_1186 and H31_14212 based on 
the F2 population in the current study was roughly about 0.73 cM (recombination frequency = 20 
recombination events/(1368*2 chromatids)). Thus, the probability of the presence of F2 
recombinants with a single recombination event occurred on both of sister chromatids (Figur  2.7 B1 
B2 and B3) was very low (0.73%*0.73%).  
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In addition, the identification of line ‘377B_794’ indicated the potential loss of the recombinants with 
the genotype B1 as shown in Figure 2.7 due to only two flanking markers being used for screening. 
For the recombinants where a single recombination event occurred on both of the sister chromatids, 
there were three potential genotypes shown as B1, B2 and B3 in Figure 2.7. Marker screening of the 
B1 genotype with the two flanking markers would result in the same genotype results as the F1 
hybrid and heterozygous F2 progenies (Fi ure 2.3) (all having VB genotype for CM_1186 and VB 
genotype for H31_14212), preventing this kind of recombinant from being identified. However, as 
discussed earlier the probability of this occurring was very low and the number of plants having this 
kind of genotype would be negligible based on the F2 popu at on size of 1368 individuals. In addition, 
the presence of the F2 recombinants with double recombination events occurred on either of the 
sister chromatids would result in the same case of B1 in Figure 2.7. That is this kind recombinant 
could not be identified by the two flanking markers but this potential loss would not have an 
influence to the linkage analysis in the end. 
In the case of the current study, the original H. bulbosum introgr ssion region coffering resistance 
gene was already very small. Thus, there was no need to use additional markers within the 
introgression region to identify a negligible number of F2 recombi ant l nes with double 
recombination events occurred. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Potential F2 recombinants with a single recombination event occurring on either or both 
of the sister chromatids. A) A single recombination event occurring on either of the sister chromatids. 
All these four potential recombinants were identified in Section 0. B) A singl  recombination ev n  
occurring on both of the sister chromatids. Only B2 and B3 recombinants are able to be identified 
using the two flanking markers screening since B1 would have the same genotype results for 
CM_01186 and H31_14212 as the F1 hybrid an  F2 heterozygotes. B2 was identified as ‘377B_794’. 
B3 could be identified with two flanking markers but none were identified due to very low probability 
of presence. 
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Although all the F3 seeds resulting from line ‘377B_794’ had same homozygous genotypes for both 
CM_1186 and H31_14212 markers as ‘377B_794’, this did not indicate that all the F3 seeds derived 
from ‘377B_794’ would be genetically identical because the recombination evets would occur at 
different sites on the two sister chromatids. In the case of B2 in Figure 2.7, both sister chrom tids 
had a single recombination event occurred, and genotypes BB for CM_1186 and VV for H31_14212 
were observed. However, the F3 progenies derived from this F2 g notype would have genetic 
segregation. If the leaf rust resistance gene from ‘200A12’ happened to be located in the area where 
the introgressions were different in size (Figu  2.7 B2) then a large enough population of these lines 
would display phenotypic segregation for the response to challenge with barley leaf rust. However, 
due to time constraints this additional analysis was not completed. 
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Chapter 3 
Characterization of the resistance to Puccinia hord i in two 
Hordeum bulbosum introgression lines 
3.1 Introduction 
3.1.1 Development of the two introgression lines 
The resistance of two Hordeum bulbosum introgression lines (ILs) ‘200A12’ and ‘182Q20’ to Puccinia 
hordei were characterized in this chapter. The IL ‘200A12’ was created by firstly making a cross 
between the tetraploid H. bulbosum genotype ‘A17’ (BBBB) and the diploid barley (Hordeum vulgare) 
cultivar ‘Emir’ (VV) to produce partially fertile triploid seeds (VBB), where V and B represent the 
genome constitution of H. v lgare and H. bulbosum, respectively. Diploid progeny (VB) were then 
produced by using the triploid hybrid as the pollen parent to backcross with its barley parent ‘Emir’ 
due to elimination of the H. bulb sum chromosomes. The IL ‘200A12’ was produced when an 
interspecific recombination event occurred during formation of pollen. Genotyping by sequencing 
(GBS) analysis by Wendler et al. (2015) indicated tha  the the IL ‘200A12’ mainly possessed a 
homozygous introgression region at the distal end of the long arm of barley chromosome 1H. 
The IL ‘182Q20’ was produced by crossing the tetraploid H. bulbosum genotype ‘A17-1’ with the 
diploid barley cultivar ‘Golden Promise’ using the same breeding scheme as described for the IL 
‘200A12’, resulting in a single homozygous introgression derived from ‘A17-1’ being incorporated 
into the barley genetic background ‘Golden Promise’ on the long arm of chromosome 2H (Johnston 
et al., 2009). Genetic mapping with an F4 po ulation developed from the cross between the IL 
‘182Q20’ and ‘Golden Promise’ indicated that the allele conferring seedling resistance to P. hordei, 
designated Rph22, was located to the distal portion of the introgression (Johnston et al., 2013). 
3.1.2 Partial resistance of the two introgression lines 
The seedling resistance conferred by H. bulbosum ILs ‘200A12’ and ‘182Q20’ (coded as ‘E-1HL’ and 
‘G-2HL-b’, respectively) were first confirmed by Pickering et al. (2004) through assessment of disease 
responses between introgression lines and four barley lines ‘Emir’, ‘Golden Promise’, ‘Vada’ and ‘L94’ 
to P. hordei. In the study, the test barley lines were inoculated at the two-leaf stage with 
uredinispores and infection type, latent period (days from the time of inoculation until 50% of the 
uredinia have erupted), infection frequency (uredinia per cm2) and ea ly abortion of infection units 
being assessed. Line ‘L94’ was used as a susceptible control, whereas ‘Vada’ was incllded as a control 
 36 
with partial resistance to P. hordei (Qi t al., 1998). Due to both introgression lines being produced by 
incorporating a single homozygous introgression into the barley genetic backgrounds, any 
phenotypic differences in disease responses between the introgression lines and their barley genetic 
backgrounds can be attributed to the H. bulbos m introgressions. 
From the results by Pickering et al. (2004), both ILs ‘200A12’ and ‘182Q20’ had the same susceptible 
infection type as the susceptible control ‘L94’ (Table 3.1). However, the latent period of IL ‘200A12’ 
was 16.2% longer than its barley genetic background ‘Emir’ and infection frequency lower (43.5%), 
suggesting that the introgression had provided partial resistance to P. hordei at the seedling st ge 
(Table 3.1 and Table 3.2). Longer latent periods and lower infection frequencies compared to the 
susceptible controls are two important parameters used to identify barley lines with partial 
resistance to leaf rust (Neervoort & Parlevliet, 1978). When compared with IL ‘200A12’ and ‘Vada’, 
the level of partial resistance in IL ‘182Q20’ at the seedling stage was even much stronger due to 
longer latent period and lower infection frequency (Table 3.1 and Tabl  3.2). In addition, the higher 
percentages of early aborted colonies (Table 3.2) indicated that seedling resistance in the two 
introgression lines was probably not based on hypersensitive response, but on suppressing the 
formation of haustoria when the fungus penetrated the plant cell wall (Pickering et al., 2004). These 
results collectively suggested that seedling resistance in the two introgression lines was likely partial 
resistance. 
Table 3.1: Latent period (LP) (hours in parenthesis for L94; and as a % of L94), and infection type (IT) 
for barley introgresssion lines after inoculation with Puccinia horde  isolat  1.2.1 (Pickering et al., 
2004). 
Barley line Relative LP IT# 
L94 100 (136h) 9 
Emir 111 9 
Golden Promise 113 9 
Vada 134 9 
E-1HL 129 9 
G -2HL-b 146 9 
#Infection type (IT): 9 = fully compatible uredinia that may be surrounded by pale green halos based 
on a 0-9 scale by NcNeal et al. (1971). 
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Table 3.2: Infection frequency (IF based on uredinia/cm2), percentage of early aborted (EA) infection 
units (cessation of growth before at least six mycelial branches), and average longitudinal diameter 
(µm) of established colonies of Puccinia hordei (isolate 1.2.1) on seedling leaves of two recombinant 
lines and two barley cultivars (Pickering et al., 2004). 
Barley line IF %EA Length of established colonies 
(µm) 
Emir 115 10 322 
Vada 76 12 314 
E-1HL 65 26 228 
G -2HL-B 27 51 212 
 
Although seedling resistance to P. hordei for ILs ‘200A12’ and ‘182Q20’ has been characterized, the 
disease responses at the adult plant stage and during plant development are still unknown. In 
addtion, the most recent studies characterizing seedling and adult plant resistance to P. hordei 
(Derevnina et al., 2013; Golegaonkar et al., 2009; Pickering et al., 2004; Sandhu et al., 2014) assessed 
disease responses based on qualitative, subjective, visual methods, such as infection types by 
assessing disease symptoms. These disease assessment methods focused mainly on the external 
fungal growth on infected leaf surface without considering the fungal biomass inside the leaf despite 
most of the rust growth occurring within the leaf apoplast (Ayliffe et al., 2013). 
3.1.3 Fungal biomass assay 
In many cases of the resistance genes to P. hordei, esp cially partial resistance genes, the complete 
resistance with immunity cannot be observed (Park et al., 2015). More often, the resistance reaction 
is characterized by the reduced fungal growth and severity compared to susceptible lines. In the 
study by Ayliffe et al. (2013), an assay using the lectin wheat germ agglutinin (WGA) conjugated to 
fluorescein isothiocyanate (FITC) to quantify fungal biomass in the infected plant materials was 
developed. WGA has high binding specificity to chitin which is a major cell wall component of rust 
fungus. The assay showed a linear relationship between fluorescence and the amount of rust 
infected plant materials (R2=0.977). 
 
Aim 
The overall aim of this chaper was to evaluate disease responses of ILs ‘200A12’ and ‘182Q20’ to P.
hordei at seedling, adult plant stages, and during plant development by using both conventional 
visual assessment and a non-subjective quantitative assay based on enumerating the amount of 
fungal biomass within the leaf apoplast. 
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3.2 Materials and methods 
3.2.1 Plant material 
Three pathological experiments of barley lines at seedling, adult plant and five growth stages during 
plant development were conducted in this chapter. The two ILs ‘200A12’ and ‘182Q20’ plus four 
barley genotypes, ‘Emir’, ‘Golden Promise’, ‘Gus’ and ‘Vada’, were examined for disease responses to 
P. hordei at both the seedling and adult plant stages under greenhouse conditions. Cultivar ‘Emir’ 
and ‘Golden Promise’ are genetic backgrounds of the ILs ‘200A12’ and ‘182Q20’, respectively. The 
cultivar ‘Gus’ was used as a susceptible control, whereas cv. ‘Vada’ was included as a partial resistant 
control. However, for growth stages experiment in the greenhouse only four barley genotypes 
‘200A12’, ‘182Q20’, ‘Emir’ and ‘Golden Promise’ were examined. All six barley genotypes were 
provided by Plant & Food Research, Lincoln. 
Barley seeds were pre-germinated on Petri dishes lined with moistened filter paper. To assure 
uniform germination, the barley seeds were first placed at 4°C for 1 week before returning to room 
temperature (approximately 20°C). Once germinated, healthy-looking seedlings were planted into 
trays (35 x 20 cm) or pots (15 cm in diameter) containing potting mix. The plants were used for 
seedling, adult plant and growth stages experiments. The potting mix consisted of two parts 
shredded bark (Pinus radiata) to one part washed crushed sand, supplemented with 6.4 kg/m3 
dolomite lime, 3.32 kg/m3 “Osmocote 14-16.1-1.6”, 104 kg/m3 superphosphate, 120 g/m3 calcium 
nitrate, 56 g/m3 FetrilonCo bil” (BASF) and 1 kg/m3 “Micromax”. 
3.2.2 Pathogen isolate and inoculum production 
One New Zealand P. hordei isolate (pt.) 5457P+ (coded as BLR-14/11 in Plant & Food Research, 
Lincoln) was used for all the pathological experiments. This isolate was found in a separate 
pathotyping test (Park, 2003) against differential genotypes to be virulent to resistance genes Rph1, 
Rph2, Rph3, Rph4, Rph6, Rph9, Rph10, Rph12, Rph19 and RphP  (unpublished data). 
Rust inoculum was produced by inoculating plants of the susceptible cultivar ‘Gus’ (5-10 seeds per 
pot) with isolate BLR-14/11 when the seedlings were at two-leaf stage. Prior to inoculation, the 
plants were treated with maleic hydrazide (540 mg/L) (Slow Grow 270, Kendon Chemicals) at a rate 
of 15 mL per pot (i.e. 540 ppm) at one-leaf stage to stunt plant growth and make urediniospore 
collection later on more manageable. Urediniospore suspension was prepared by suspending 
urediniospores in light mineral oil (Pegasol, Mobil Oil) at a rate of 2 mg of urediniospores per 2 mL oil 
per five pots of seedlings. Seedlings were inoculated by atomising the urediniospore suspension onto 
the seedlings using an airbrush. Inoculated seedlings were incubated in humidity chambers 
maintained at 20°C and 100% relative humidity in the dark for 24 hours. Then the seedlings were 
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transferred to a greenhouse (22°C). Urediniospores were collected once daily from 6 to 14 days post 
inoculation (DPI) by tapping the urediniospores directly from the leaves onto tin foils. The collected 
urediniospores were dried overnight at 4°C in a desiccator that had some silica gel (approximately 20 
g) in it. Urediniospores were then carefully collected in foil bags, heat-sealed and stored at -80°C. 
3.2.3 Greenhouse experiments 
Seedling experiment 
The seedling experiment was conducted using plastic trays (35 x 20 cm). Each plastic tray was divided 
into three sections with each section representing one line. Three pre-germinated seedlings from 
each of the six barley lines (‘200A12’, ‘182Q20’, ‘Emir’, ‘Golden Promise’, ‘Gus’ and ‘Vada’) were 
planted into each of the corresponding sections (Figure 3.1), with six sections of two seedling trays 
forming a whole replicate. Each barley line was replicated five times, giving a total of 10 trays. The 
design was generated with CycDesign CycDesign 5.1 (VSN International Ltd, 2013). Five extra 
seedlings of each barley line were planted into pots and used later as uninoculated controls for the 
fungal biomass assay (Section 3.2.4). 
 
 
 
 
 
 
 
Inoculations at rates of 1.5 mg of urediniospores suspended in 1.5 mL oil per replicates were carried 
out when the second leaves of seedlings were fully expanded with the methods used earlier for 
inoculum production. To obtain a uniform urediniospore coverage, only the second leaves were 
inoculated by folding the leaves down over a plastic board (40 X 30 cm) which was placed over each 
seedling tray. The leaves were held in position with sticky tapes (Figure 3.2). Two trays from a full 
replicate were inoculated at each time. Three water agar (2%) slides were placed randomly in 
between the leaves on the board of the two trays. The water agar slides were later used to estimate 
urediniospore distribution density and percentage germination. Water agar slides were prepared by 
dipping microscope slides in 2% sterile water agar. After inoculation, the water agar slides were first 
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Figure 3 .1: Experimental plan for evaluating resistance responses of six barley lines to Puccinia hordei 
in the seedling stage greenhouse study. (A) 200A12, (E) Emir, (Q) 182Q20, (GP) Golden Promise, (V) 
Vada and (G) Gus. Numbers indicate sections wi hin a tray. 
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placed into sterile Petri dishes and incubated together with inoculated seedlings in the humidity 
chambers at 20°C nd 100% relative humidity in the dark for 24 hours. Then the seedlings were 
transferred to a greenhouse and maintained at 22°C. The urediniospore density and percentage 
germination were estimated by counting the numbers of total germinated and non-germinated 
urediniospores within a 1 cm2 area of the water agar slides under a compound microspore. The 
urediniospores having germ tubes which were equal or greater to the width of the urediniospores 
were determined as germinated. Disease responses were scored at 4-5 DPI. The inoculated leaves 
were remained in the same positions on the plastic boards until the disease assessment was finished. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 .2: The layout of the pathological experiment of six barley line at seedling stage in the 
greenhouse chamber at 1 day post inoculation. Each seedling tray had three sections with three 
plants of a single line in each section. Two seedling trays formed a replicate. This figures also shows 
the inoculation method by tapping leaves down. 
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Adult plant experiment 
After disease assessment at the seedling stage was completed, six vigorous plants from each of the 
six barley lines were randomly selected and transplanted into pots (15 cm in diameter) with one 
plant per pot for a follow-on adult plant pathological experiment. The six lines were arranged into 
each replicate using a randomized block design (Figure 3.3). Each line was replicated six times to give 
a total of 36 pots. 
 
 
 
 
 
 
Inoculations were carried out when the flag leaves of the barley plants had just emerged. Plants from 
the same replicate were grouped together and inoculated at a time. Similar inoculation method was 
used to atomize the urediniospore suspension onto the plants at a rate of 2 mg of urediniospores per 
2 mL oil per replicate. Urediniospore density and percentage germination were not checked for the 
adult plant experiment. Inoculated plants were incubated under similar conditions as described 
previously. Disease responses were scored at 4-5 DPI. 
 
Growth stages experiment 
The growth stages experiment was conducted using pots (15 cm in diameter) with one plant in each 
pot. Initially, five plant developmental stages of four barley lines (‘200A12’, ‘182Q20’, ‘Emir’ and 
‘Golden Promise’) were planned for disease assessments. Twenty treatments (five developmental 
stages x four barley lines) in each replicate were arranged using a randomized design (F gur  3.4),
giving 60 pots in total for three replicates. Twenty five extra seedlings of each barley line were 
planted into pots with five seedlings from a single line in the same pot, resulting in five pots of plants 
for each barley line. These extra plants were kept uninoculated and used as blank controls for the 
fungal biomass assay (Section 3.2.4), with one pot of plants for each barley line used at each of the 
five developmental stages. 
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Figure 3 .3 : Experimental plan for evaluating resistance responses of six barley lines to Puccinia hordei 
in the adult plant stage greenhouse study. (A) 200A12, (E) Emir, (Q) 182Q20, (GP) Golden Promise, 
(V) Vada and (G) Gus. Numbers indicate sections within a tray. 
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Inoculation of the first growth stage was carried out at Zadoks growth stage (GS) 21. The remaining 
growth stages were inoculated one week later than the previous inoculation and the growth stages 
were assigned according to the scale of Zadoks et al. (1974). To minimize the influence of leaf 
maturity on disease responses, only the uppermost leaves that were just fully expanded on the main 
tillers were used for inoculation and disease assessment. Similar to the seedling experiment, the 
leaves of interest were folded down over a plastic board (80 X 30 cm) which had been placed next to 
the pots at the same height as the inoculated leaves and secured using sticky tape. Plants were 
inoculated by atomizing the urediniospore suspension over the secured leaves on the plastic board at 
a rate of 2 mg urediniospores per 2 mL oil per replicate, with a full replicate inoculated at each time. 
Unlike the seedling experiment, the inoculated plants were released from the plastic boards before 
DOOR
Rep 1
1
E2
2
A4
3
E5
4
GP5
5
Q3
6
GP4
7
Q1
8
A2
9
E1
10
A5
11
Q5
12
GP2
13
Q4
14
A3
15
GP1
16
A1
17
E3
18
GP3
19
Q2
20
E4
Rep 2
21
GP1
22
A2
23
Q5
24
E2
25
E3
26
E5
27
GP4
28
A3
29
Q1
30
Q4
31
A4
32
E1
33
GP2
34
GP3
35
A1
36
Q2
37
Q3
38
E4
39
A5
40
GP5
Rep 3
41
Q1
42
A3
43
Q2
44
E5
45
GP3
46
GP5
47
E2
48
GP4
49
A1
50
Q5
51
E4
52
Q4
53
A5
54
GP2
55
E1
56
A2
57
GP1
58
E3
59
Q3
60
A4
Figure 3 .4 : Experimental plan for evaluating resistance responses of six barley lines to Puccinia hordei 
at adult plant stage in greenhouse. (A) 200A12, (E) Emir, (Q) 182Q20, (GP) Golden Promise, (V) Vada, 
(G) Gus. Numbers after letters indicate growth stages to be inoculated: (1) first growth stage, (2) 
second growth stage, (3) third growth stage, (4) fourth growth stage, and (5) fifth growth stage.
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incubation. Urediniospore densities and percentage germination were estimated using the same 
method as described in the seedling experiment. Inoculated plants were incubated under similar 
conditions as described previously. Disease responses were scored at 4-5 DPI. 
3.2.4 Disease assessment 
Visual assessment 
For seedling and growth stages experiments, a 5 cm long area of each inoculated leaf containing pale 
flecks, which indicated the formation of uredinia, was selected and marked at 4-5 DPI before mature 
uredinia appeared. Once they were visible the mature uredinia within the marked areas were 
counted daily until 14 DPI. The latent period (LP) was determined as the time from inoculation to the 
time when 50% of the uredinia had appeared. The infection type (IF) was assessed at 10 DPI using a 
scoring system Park (2003) as outlined below: 
0 = no visible symptoms, 
; = hypersensitive flecks,  
1 = minute uredinia surrounded by mainly necrotic tissue,  
2 = small to medium sized uredinia surrounded by chlorotic and/or necrotic tissue,  
3 = medium to large uredinia with or without surrounding chlorosis,  
4 = large uredinia without chlorosis,  
X = mesothetic, heterogeneous infection types similarly distributed over the leaf.  
The letters “C” and “N” were used to indicate greater than normal chlorosis or necrosis, respectively, 
and the symbols “-” or “+” to indicate lower or higher infection types, respectively, than normal. 
Infection types of 3+ or higher were considered to be compatible (i.e., virulent pathogen/susceptible 
host). Once the uredinia count was finished at 14 DPI, the actual area of the marked 5 cm long leaf 
segment for each plant was calculated in centimetres square by measuring its leaf width (5 x leaf 
width cm2) and then the infection frequency (IF) was assessed based on the number of uredinia per 
unit of the marked leaf area (uredinia/cm2). 
For the adult plant experiment, only the first and second leaves below the flag leaf on the main tillers 
were assessed for disease response at 8 and 14 DPI and coded as flag-1 and flag-2, respectively. The 
modified Cobb scale (Peterson et al., 1948; cited in Derevnina et al., 2013) was used to assess disease 
severity (percentage of possible leaf tissue rusted). The host response was scored using ‘R’ to 
indicate no uredinia present; ‘TR’ to indicate trace or minute uredinia on leaves without sporulation; 
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‘MR’ to indicate small uredinia with slight sporulation; ‘MR-MS’ to indicate small-to-medium-sized 
uredinia with moderate sporulation; ‘MS-S’ to indicate medium-sized uredinia with moderate to 
heavy sporulation; ‘S’ to indicate large uredinia with abundant sporulation. 
A coefficient of infection (CI) was obtained from the disease severity and host response by 
multiplying the final disease severity score with a predetermined value of 0.15, 0.30, 0.45, 0.60, 0.75 
and 1.0 given to the host response ratings of R, MR, MR/MS, MS, MS/S and S, respectively. The rating 
of high, moderate and low adult plant resistance (APR) was based on the average coefficient of 
infection (ACI) where ACI scores of 0–7, 8–16 and 17–24 were considered as having high, moderate 
and low APR, respectively. Cultivars with ACI values of 25 and above were regarded as lacking useful 
resistance and were included in the susceptible group (Golegaonkar et al., 2009). 
Fungal biomass assay 
Establishment of standard curve 
To ensure specificity of the fungal biomass assay in quantifying in-pl nta rust growth, a standard 
curve was generated using serial amounts of autoclaved P. hordei ur diniospores (iso t  BLR-14/11) 
with the modified method of Ayliffe et al. (2014). A stock was first prepared by suspending 50 mg of 
urediniospores in a 1.5 mL Falcon™ tube with 1 mL of 1 M KOH containing 0.1 % Pulse (Yates® Zero®). 
The suspension was then autoclaved at 121°C and 15 psi for 20 min. After that, the suspension was 
centrifuged at 2,000 × g for 10 min and as much of the supernatant as possible was removed using a 
pipette. The urediniospores were then washed by being suspended with 1mL of 50 mM Tris–HCl (pH 
7.0) and centrifuged again. After removing the supernatant, the spore material was resuspended in 1 
mL of 50 mM Tris–HCl (pH 7.0), mixed and neutralized at room temperature (approximately 20°C) for 
at least 20 min. After neutralization, the suspension was centrifuged and the supernatant removed 
again. Finally, the urediniospores were suspended in 1 mL of 50 mM Tris–HCl (pH 7.0) to give a final 
concentration of 50 mg/mL. This spore suspension was used as a stock for preparing serial amounts 
of urediniospores to generate the standard curve. 
The suspensions with a series of 0, 1.5, 3, 4.5 and 6 mg of urediniospores were then prepared by 
suspending aliquots of 0, 30, 60, 90 and 120 µL of the original 50 mg/mL stock with 120, 90, 60, 30 
and 0 µL of 50 mM Tris–HCl (pH 7.0), respectively. The tips used for pipetting the original spore 
suspension were cut slightly at the end to avoid blockage of tips by the spores. While the original 
stock was aliquoted, the stock was mixed using a vortex at medium speed to maintain uniformity. 
Three replicates of each spore amount were prepared, resulting in 15 samples in total. To stain the 
urediniospores, 10 µL of lectin wheat germ agglutinin conjugated to fluorescein isothiocyanate 
(WGA-FITC, L9640 Sigma-Aldrich) (1 mg/mL) was added to each sample and mixed using a vortex at 
medium speed. Samples were stained at room temperature (approximately 20°C) for 2 hours and 
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then centrifuged at 600 × g for 3 min. Supernatant (100 µL) was then removed from each sample 
using a pipette and the samples resuspended in 200 µL of 50 mM Tris–HCl (pH 7.0). After 
centrifugation at 600 × g f r 3 min, 200 µL of the supernatant was removed using a pipette and 
replaced with 200 µL of 50 mM Tris–HCl (pH 7.0). h  washing procedure was repeated one more 
time and samples resuspended in 100 µL of 50 mM Tris–HCl (pH 7.0), resulting in the volume of 130 
µL per sample. 
Samples were then diluted 10 times by aliquoting 13 µL of each sample into individual wells of a 
black 96-well microplate (OptiPlateTM -96F) using p pette tips with the ends cut. Then, 117 µL of 50 
mM Tris–HCl (pH 7.0) was added into each well and samples mixed by pipetting. A negative control 
was included by substituting 130 µL of 50 mM Tris–HCl (pH 7.0) for uredinio pore sample. The plate 
was centrifuged at 172 × g for 1 minute and fluorescence measured in a spectrophotometer 
(SpectraMax M2, Molecular Devices) under 485 nm adsorption and 535 nm emission wavelengths at 
1.0 s measurement time. 
Quantifying rust growth of infected plants 
The fungal biomass assay was carried out for the seedling and growth stages experiments. Once the 
visual assessment of each pathological experiment was completed at 14 DPI, the marked 5 cm long 
leaf areas were dissected out of the inoculated leaves and placed into 15 mL Falcon™ t bes. Leaf 
tissues of a single line from all the replicates were placed in one tube. Clean leaf tissue of each barley 
line was then collected from the extra plants which were kept uninfected as a negative control. The 
fresh weight of the leaf tissue in each tube was measured. 
Using similar protocols to the establishment of standard curve, collected leaf tissue was completely 
covered in 1 M KOH containing 0.1 % Pulse (Yates® Zero®) and autoclaved. The KOH solution was 
then poured off and the tubes filled with 50 mM Tris–HCl (pH 7.0). This buffer was immediately 
discarded and replaced with 50 mM Tris–HCl (pH 7.0). Sample  were neutralized at room 
temperature (approximately 20°C) for 20 min. After neutralizing, the buffer was poured off and 
replaced with 8 mL of Tris–HCl (pH 7.0) per gram of fresh leaf. Then each sample was homogenized 
for 2 min using a disperser (T 10 basic ULTRA-TURRAX®). Each homogenate was aliquoted into three 
separate 1.5 mL Falcon™ tubes with 200 µL per tube using pipette tips with the ends cut, to give 
three replicates of each homogenate sample. Before taking each aliquot, the original leaf 
homogenates were mixed using a vortex at medium speed to maintain uniformity. To stain the 
infected leaf tissues, 10 µL of WGA-FITC (1 mg/mL) was added to each tube, mixed using a vortex and 
leaf to stand at room temperature (approximately 20°C) for 2 hours. The samples were then 
centrifuged at 600 × g for 3 minutes. The supernatant was removed as much as possible from each 
sample using a pipette and the samples were then resuspended in 200 µL of 50 mM Tris–HCl (pH 
 46 
7.0). This washing procedure with 200 µL of 50 mM Tris–HCl (pH 7.0) was repeated two more times 
before the samples were resuspended in 100 µL of 50 mM Tris–HCl (pH 7.0). Samples were 
transferred to a black 96-well microplate (OptiPlateTM -96F) using pipe te tips with ends cut and 
fluorescence measured in a spectrophotometer (SpectraMax M2, Molecular Devices) under 485 nm 
adsorption and 535 nm emission wavelengths at 1.0 s measurement time. The fungal biomass 
fluorescence of each line was obtained by subtracting the mean fluorescent unit (FU) of 200 µL 
uninoculated leaf homogenate from the mean FU of 200 µL infected leaf homogenate. 
3.3 Results 
3.3.1 Seedling experiment 
Visual assessment of rust infection 
Based on the spores collected on the 2% water agar slides placed in between leaves during 
inoculation, the mean urediniospore densities and mean percentage germination at 1 DPI were 
estimated and outlined in Table 3.3. Mea  urediniospore densities of all the replicates, apart from 
Rep2, were about 15 urediniospores per square centimetre and mean % germination at 1 DPI were 
about 80%, while Rep 2 was 28/cm2 and 92.9%, respectively. 
Table 3.3: Mean Puccinia hordei urediniospore densities (urediniospores/cm2) and percentage 
germination (%) at 1 DPI, estimated on three water agar slides placed in each of the five replicates 
during inoculation of the pathological experiment testing susceptibility of six barley lines to Pucc nia 
hordei at the seedling stage. 
 Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 
Mean spore density 15 28 18 14 15 
Mean % germination 82.2 92.8 81.8 88.4 78.3 
 
Uredinia started to appear on the inoculated leaves at 5 DPI. Daily development of uredinia are 
shown in Figure 3.5. However, one of the five replicates (Rep 5), cv. ‘Golden Promise’ in Rep 4 and 
line ‘182Q20’ in Rep 1, did not develop any uredinia. The final uredinia number in Rep 2 was higher 
than other replicates (Figure 3.5) probably due to the urediniospore application rate being nearly 
two times than that of the other replicates (Tabl 3.3). Line ‘182Q20’ was seen to have h  lowest 
final uredinia number and the slowest rate of uredinia development (Figure 3.5). Line ‘Vada’ 
produced numerous uredinia (mean 15 uredinia per 5 cm long leaf area at 13 DPI) but the uredinia 
development rate was slower. In contrast, uredinia development in the rust in lines ‘Gus’, ‘Emir’, 
‘Golden Promise’ and ‘200A12’ was seen to develop very fast and result in large amounts of uredinia. 
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The mean number of ur dinia per plant and the rates of uredinia appearance based on the 
percentages of final uredinia numbers are shown in Figure 3.6. For the ates of uredinia production, 
the horizontal line at 50% estimates the latent periods of P. hord i in six t st li es (Figur  3.6 right). 
From the results, the cv. ‘Emir’ had both the highest final uredinia number, but also the shortest 
latent period of P. hordei. Conv rsely, line ‘182Q20’ had the lowest final uredinia number and the 
longest latent period of rust. Compared with cv. ‘Golden Promise’, line ‘182Q20’ produced 
substantially less uredinia at each of assessments (p<0.001) nd the latent period of rust for line 
‘182Q20’ (approximately 9 days) was about 50% longer than for cv. ‘Golden Promise’ (approximately 
6 days). Line ‘200A12’ also produced significant fewer uredinia at each of assessments than its 
genetic background ‘Emir’ (p=0.035) but there were no substantial differences between line ‘200A12’ 
and other susceptible barley cvs. ‘Gus’ (p=0.40) and ‘Golden Promise’ (p=0.28). In addition, the latent 
period of rust for line ‘200A12’ (approximately 6.2 days) was only 6.9% longer than for its genetic 
background ‘Emir’ (approximately 5.8 days), and very simil r to susceptible barley cvs. ‘Gus’ and 
‘Golden Promise’. 
By measuring the leaf width of the individual plants, the mean uredinia in the marked area per plant 
for the six test barley lines were converted into mean uredinia per square centimetre (i.e. infection 
frequency IF) at the 5, 7 and 13 DPI assessments (Table 3.4). At all three assessments, ‘Emir’ had the 
highest IF followed by ‘Gus’, whilst ‘182Q20’ had the lowest IF followed by ‘Vada’. The only change of 
rankings between assessments was that of ‘200A12’ and ‘Golden Promise’ with ‘200A12’ having the 
third lowest IF at 5 and 7 DPI but the third highest IF at 13 DPI. The mean IF of ‘200A12’ was 61.5%, 
42.1% and 28.4% less than its barley genetic background ‘Emir’ at 5, 7 and 13 DPI, respectively. The 
other introgression line ‘182Q20’ had 100%, 86.3% and 68.9% reductions in mean IF at 5, 7 and 13 
DPI, respectively compared to its barley genetic background ‘Golden Promise’. 
Table 3.4: Mean infection frequencies (IF) (uredinia/cm2) bas d on uredinia per square centimetre 
for six barley test lines to Puccinia hordei asses d at 5, 7 and 13 days post inoculation (DPI). 
Line 5 DPI 7 DPI 13 DPI 
Emir 1.3 48.2 52.5 
Gus 0.9 36.8 45.5 
200A12 0.5 27.9 37.6 
Golden Promise 0.9 30.7 36.3 
Vada 0.2 17.6 34.7 
182Q20 0 4.2 11.3 
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Figure 3 .5: Uredinia or pustules counts on the six test barley lines, for t st ng he susceptibilities to Pucc n a hordei theeedling stage. Letters indicate test 
barley line: (A) 200A12; (E) Emir; (Q) 182Q20; (GP) Golden Promise; (V) Vada; (G) Gus. Numbers ndicate replicate: (1) replicate 1; (2 2; (3) replicate 3; (4) 
replicate 4. Colours indicate plant number in each replicate: (black) 1; (red) 2; (green) 3. No plants for any line were infected in Rep 5 (data not included), line 
‘Golden Promise’ in Rep 4 and line ‘182Q20’ in Rep 1. 
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Figure 3.6: Mean number of Puccinia hordei uredinia or pustules per plant (left) and rates of mean uredinia development based on the percent of final uredinia 
number (right) of six test lines (A) 200A12, (E) Emir, (Q) 182Q20, (GP) Golden Promise, (V) Vada and (G) Gus at each assessment, testing susceptibilities of barley 
lines to P. h rdei at the seedling stage. The horizontal line on the percent of final uredinia numbers represent the 50% level. 
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Infection types (IT) of the six test barley lines in each replicate were assessed at 10 DPI. Apart from 
‘182Q20’ having no visible symptoms in Rep 1, high IT scores (more than 3) were observed for all the 
test lines in each replicate (Table 3.5). The IT scores in Rep 2 were particularly high, probably 
associated with the higher spore density of the inoculum, with all the six lines having a more 
susceptible infection type score than other replicates by showing very big uredinia with or without 
chlorosis spreading all over the marked leaf areas and the phenotypic differences between 
introgression lines and their barley genetic backgrounds were indistinguishable (Fi ur  3.7 right). In 
addition, under high spore densities all the test lines exhibited extensive chlorosis. While under lower 
spore densities, for example in Rep 1, all the test lines apart from ‘182Q20’ still had medium to large 
uredinia, but the uredinia numbers were fewer than in Rep 2 (Figure 3.7 left). The comp rison 
between introgression lines and their barley parents in Rep 1 showed that ‘200A12’ resulted in fewer 
and smaller uredinia compared to ‘Emir’ and was seen to have some pale flecks on the leaf surface 
but the pathological difference was still very subtle, whilst ‘182Q20’ had significantly different 
infection type compared to ‘Golden Promise’ by showing no visible symptoms.  
‘Emir’, ‘Golden Promise’, ‘Vada’ and ‘Gus’ had IT scores higher than 3+ for all replicates and were 
considered to be susceptible to P. hord i. Introgression lines ‘200A12’ and ‘182Q20’ only had IT 
scores 3+ under high spore densities (Rep 2) with IT scores of less than 3+ for all other replicates and 
therefore were considered to be moderately susceptible to P. hordei. 
Table 3.5: Infection types of six barley lines to Puccinia hordei ss ss d at 10 days post inoculation 
(DPI). S=susceptible, MS=moderately susceptible. 
Line Rep 1 Rep 2 Rep 3 Rep 4 
Disease 
response 
Emir 3+ 3+C 3+ 3+ S 
200A12 3 3+C 3 3 MS  
Golden Promise 3+ 3+C 3+ * S 
182Q20 0 3+ 3 3 MS  
Vada 3+ 3+ 3+ 3+ S 
Gus 4 4 4 4 S 
* No uredinia were developed for Golden Promise in Rep 4 
3 = medium to large uredinia with or without surrounding chlorosis 
4 = large uredinia without chlorosis  
“+” indicates higher infection types than normal 
“C” indicates greater chlorosis than normal
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Emir 200A12  Golden 
Promise 
182Q20 Vada Gus Emir 200A12  Golden 
Promise 
182Q20 Vada Gus 
Figure 3 .7: Infection types of six barley t st lines to Puccinia hordei within the 5 cm long marked leaf areas under low spore densities in Rep 1(left, with mean 15 
urediniospores/cm2) and high spore densities in Rep 2 (right, with mean 28 urediniospores/cm2) at 13 days post inoculation (DPI). The pictures were taken three 
days later after IT scoress ssment at 10 DPI, the disease responses of these plants slightly changed with more chlorosis. Only the 5cm sections of infected plants 
are shown in the photos. 
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Fungal biomass assay 
Establishment of standard curve 
The quantitative relationship between the fluorescence exhibited by WGA-FITC and the amount of 
urediniospores is shown in Figure 3.8. When the urediniospores were less than 4.5 mg, there was a 
linear relationship between fluorescence and amount of urediniospores (R2=0.9843). When the 
urediniospore concentration was more than 4.5 mg, a nonlinear relationship was observed. Thus, for 
samples with fluorescence less than 1200 units in the subsequent experiments fluorescence values 
were considered to be able to quantify the fungal biomass of the samples. 
 
 
 
 
 
 
 
 
Quantifying rust growth of infected plants 
After visual assessment at 13 DPI, both infected and clean leaf tissues from each of the six test lines 
were collected for fungal biomass assessment. The fluorescent units (FU) for 200 µL uninfected leaf 
homogenate will be subtracted from the FU of 200 µL infected leaf homogenate after staining with 
WGA-FITC. As shown in Table 3.6, there were considerable differences between the lines (p<0.001) 
in fluorescence of infected leaves, while the difference of fluorescence values of uninfected leaf 
tissues between lines was not significant (p=0.46). After the background fluorescence from the 
uninfected leaf tissue was eliminated, the highest fluorescence due to fungal biomass was observed 
for line ‘Gus’ followed by ‘Emir’ and ‘Vada’, while line ‘182Q20’ had the lowest FU of fungal biomass 
followed by ‘200A12’ and ‘Golden Promise’. By comparing the results with the mean IF at 13 DPI 
based on counting uredinia (Table 3.6), ‘200A12’ with the third highest IF score resulted in the 
second lowest FU. Cultivars ‘Gus’ and ‘Vada’ with lower infection frequencies surpassed ‘Emir’ and 
‘Golden Promise’, respectively in fungal biomass assay to have higher fluorescence values. The fungal 
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Figure 3 .8: Quantative relationship between the fluorescensce exhibited by WGA -FITC and the 
amount of urediniospores (mg). 
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biomass fluorescence of ‘200A12’ was 23% less than its genetic background Emir, while ‘182Q20’ was 
70% less than its genetic background ‘Golden Promise’. 
Table 3.6: Fluorescence of Puc inia hordei ungal b omass based on subtracting the fluorescent units 
(FU) of 200 µL uninfected leaf homogenate from the FU of 200 µL P. hordei infected leaf homogenate 
for the barley lines assessed at 13 DPI. Mean IF (uredinia/cm2)  3 DPI of six ba ley lines was 
included to compare with the result of fungal biomass assay. 
Line  
FU of infected 
leaf tissue
FU of uninfected 
leaf tissue
FU of fungal 
biomass 
Mean IF at 13 
DPI 
Gus 736.5 47.5 689.0 45.5 
Emir 648.1 42.1 606.0 52.5 
Vada 632.4 45.5 586.9 34.7 
Golden Promise 615.6 59.6 556.0 36.3 
200A12 524.2 57.0 467.2 37.6 
182Q20 214.4 47.5 166.9 11.3 
 
3.3.2 Adult plant experiment 
Disease severities and host responses of flag-1 and flag-2 leaves of six test barley lines in six 
replicates were assessed at 8 and 14 days post inoculation (Table 3.7) and the average oeff cient of 
infection (ACI) scores were obtained according to these pathological phenotypes (Table 3.8). For 
‘Emir’ and ‘Gus’, both flag-1 and flag-2 leaves had about 15% uredinia coverages at 8 DPI, which 
increased to about 50-90% at 14 DPI with the uredinia size of ‘Emir’ being slightly smaller than ‘Gus’ 
(Figure 3.9). In addition, ‘Gus’ had the highest ACI scores at 14 DPI for both flag-1 and flag-2 leaves 
followed by ‘Emir’. ‘Golden Promise’ and ‘Vada’ had lower uredinia coverages and less susceptible 
host responses (Figur  3.9), resulting in third and fourth highest ACI scores for flag-1 leaf and 
converse ranking for flag-2 leaf, respectively at 14 DPI. Most assessed leaves of the two introgression 
lines had no visible symptoms (no uredinia) (Figure 3.9), especially ‘182Q20’ and the ACI scores were 
very low (Table 3.8). According to the rating of high, moderate, low and the lack adult plant 
resistance based on the ACI scores in Section 3.2.4, ‘Gus’ and ‘Emir’ were considered t  be 
susceptible at the adult plant stage, while‘Golden Promise’ had a low level of adult plant resistance 
and ‘Vada’ was moderately resistant to P. hordei. The two introgression lines ‘200A12’ and ‘182Q20’ 
were classified into the highly resistant group. 
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Table 3.7: Disease severities (percentages of possible leaf tissues rusted) and host responses of six 
test barley lines to Pucc ia h rdei t the adult plant stage with only the first (flag-1) and second 
(flag-2) leaves below the flag leaf of each plant assessed at 8 and 14 days post inoculation (DPI). 
Line Rep 
Flag-1 at 8 DPI Flag-1 at 14 DPI Flag-2 at 8 DPI Flag-2 at 14 DPI
Disease 
severity 
Host 
response 
Disease 
severity 
Host 
response 
Disease 
severity 
Host 
response 
Disease 
severity 
Host 
response 
Gus 1 15 S* 80 S 10 S 70 S 
2 5 S 10 S 20 S 80 S 
3 40 S 80 S 40 S 90 S 
4 15 S 80 S 5 S 20 S 
5 10 S 40 S 10 S 60 S 
6 0  0  10 S 40 S 
Vada 1 0  0  15 MR  40 MR/MS  
2 0  0  5 MR  50 MR/MS  
3 0  40 MR/MS  5 MR  50 MR/MS  
4 0  0  2 MR  25 MR/MS  
5 1 MR  10 MR  5 MR  20 MR  
6 0  0  2 MR  15 MR  
Emir 1 15 MS  80 S 10 MS  70 S 
2 15 MS  40 S 15 MS  40 S 
3 0  0  30 MS  90 MS/S 
4 10 MS  50 MS/S 5 MS  40 MS/S 
5 0  0  10 MS  50 MS/S 
6 5 MS  10 MS  10 MS  40 MS  
200A12 1 0  0  0  10 MR  
2 0  0  2 R 2 R 
3 0  0  0  5 MR  
4 0  0  0  5 R 
5 0  0  0  0  
6 0  0  0  0  
Golden 
Promise 
1 5 MS  40 MS/S 15 MS  50 MS/S 
2 15 S 30 S 15 S 40 MS/S 
3 0  0  0  0  
4 0  0  0  1 MS/S 
5 20 MS  80 MS/S 2 MS  10 MS/S 
6 0  0  0  0  
182Q20 1 0  0  0  0  
2 0  0  0  0  
3 0  0  0  0  
4 0  0  0  0  
5 0  0  0  0  
6 0  0  0  0  
*S= susceptible, MS/S=moderately susceptible to susceptible, MS=moderately susceptible, 
MR/MS=moderately resistant to moderately susceptible, MR=moderately resistant, R=resistant. The 
host response of the inoculated leaves with no uredinia development were not scored.
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Table 3.8: Average coefficient of infection (ACI) scores of the six barley lines to Puccinia hordei t the 
adult plant stage, with the first (flag-1) and second (flag-2) leaves below the flag leaf of each plant 
assessed at 8 and 14 days post inoculation (DPI). 
Line 
Flag-1 Flag-2 
8 DPI 14 DPI 8 DPI 14 DPI 
Gus 14.17 48.33 15.83 60.00 
Emir 4.50 27.25 8.00 44.83 
Vada 0.05 3.50 1.70 14.13 
Golden Promise 5.00 20.00 4.20 12.63 
200A12 0 0 0.05 0.93 
182Q20 0 0 0 0 
 
3.3.3  Growth stages experiment 
The growth stages experiment was stopped after the second inoculation at GS 32 because the 
disease resistance of two introgression lines was already very strong like the results of adult plant 
experiment. Therefore, a decision was made to conclude that the similar results as GS 32 would be 
expected in the subsequent growth stages after GS 32. 
Visual assessment 
Urediniospore densities (urediniospores/cm2) and perce tage germination (%) of the urediniospore 
inoculum assessed on the water agar slides at 1 DPI, for inoculation at growth stages (GS) 21 and 32, 
are shown in Table 3.9 and Table 3.10, respectively. There were some variation in urediniospore 
density between replicates, ranging from 36.5 to 60.5 urediniospore/cm2 for eplicates 2 and 3, 
respectively for inoculation at growth stage 21, and ranging from 18.5 to 50.0 urediniospore/cm2 for 
replicates 1 and 2, respectively for inoculation at growth stage 32. Germination ranged from 79.5 to 
91.7% for replicates 2 and 3, respectively for inoculation at growth stage 21 and ranging from 87.1 to 
91.9% for replicates 3 and 1, respectively for inoculation at growth stage 32. 
Table 3.9: Mean urediniospore densities (urediniospores/cm2) and percentage germination (%) of 
Puccinia hordei t 1 DPI, estimated by 2% water agar slides placed in each of the three replicates 
during inoculation of the four barley lines at growth stage (GS) 21. 
 Rep 1 Rep 2 Rep 3 
Mean spore density 53 36.5 60.5 
Mean % germination 90.6 79.5 91.7 
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Table 3.10 : Mean urediniospore densities (urediniospores/cm2) and perc ntage germination (%) of 
Puccinia hordei t 1 DPI, estimated by 2% water agar slides placed in each of the three replicates 
during inoculation of the four barley lines at growth stage (GS) 32. 
 Rep 1 Rep 2 Rep 3 
Mean spore density 18.5 50 35 
Mean % germination 91.9 89.0 87.1 
 
The mean uredinia numbers per plant for the four test lines at both growth stages and the rates of 
uredinia development based on the percentages of final uredinia numbers are shown in Figur  3.10. 
For both growth stages, the mean uredinia at each of assessments of the introgression lines were 
dramatically lower than of their barley genetic backgrounds, respectively (all the p values <0.001) 
(Figure 3.10  left). 
The latent periods (based on appearance of 50% of the total uredinia, the horizontal line in Figure 
3.10 right) of the rust pathogen on ‘182Q20’ were longer at GS 21 and 32 (approximately 8.2 and 8.4 
days, respectively) than on ‘Golden Promise’ (approximately 6 days at both growth stages), while the 
rust pathogen on ‘200A12’ only had a longer latent period at GS 32 (approximately 7.8 days) than on 
‘Emir’ (approximately 6 days) and had a very similar developmental rate as ‘Emir’ at GS 21. 
The mean infection frequencies based on the uredinia counts of the four barley test lines, assessed at 
6, 8 and 14 days after inoculation with P. h rde  at growth stages 21 and 32 are presented in Table 
3.11. For line ‘200A12’, the mean IF at GS 21 were 72.1, 66.3 and 68.1% fewer than ‘Emir’ at 6, 8 and 
14 DPI, respectively, while at GS 32 the reductions of 97.8, 94.6 and 92.2% in mean IF between 
‘200A12’ and ‘Emir’ were observed at 6, 8 and 14 DPI, respectively. The other introgression line 
‘182Q20’ had reductions of 94.1, 89.0 and 76.3% in mean IF compared to ‘Golden Promise’ at 6, 8 
and 14 DPI, respectively. At GS 32 the mean IF of ‘182Q20’ were 100, 98.5 and 87.9% lower than 
‘Golden Promise’ at 6, 8 and 14 DPI, respectively. 
Table 3.11:Mean infection frequencies (IF) based on uredinia per square centimetre for four test 
barley ines inoculated with P ccinia hordei at growth stage 21 and 32 assessed at 6, 8 and 14 days 
post inoculaiton (DPI). 
Line 
IF at growth stage 21 IF at growth stage 32 
6 DPI 8 DPI 14 DPI 6 DPI 8 DPI 14 DPI 
Emir 4.3 10.1 11.6 4.6 12.9 14.1 
Golden Promise 3.4 8.2 9.3 4.0 13.5 14.1 
182Q20 0.2 0.9 2.2 0 0.2 1.7 
200A12 1.2 3.4 3.7 0.1 0.7 1.1 
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Figure 3.10: Mean number of Puccinia hordei uredinia per plant (left) and rates of mean uredinia development based on the percent of final uredinia number 
(right) on four barley lines (A) 200A12, (E) Emir, (Q) 182Q20 and (GP) Golden Promise inoculated with P. hor ei at growth stage 21 (GS 21) and 32 (GS 32). T e 
horizontal line on the percentage of final uredinia numbers represent the 50% level. 
 
 59 
Fungal biomass assay 
After visual assessment of the pathological experiment at each growth stage, the fungal biomass was 
determined and the results are shown in Table 3.12. Similar t  the infection frequency results, there 
were significant differences in the fluorescence based on the fungal biomass between the 
introgression lines and their barley genetic backgrounds at both growth stages (all the P values 
<0.001). The fungal biomass fluorescence of the introgression line ‘200A12’ was 65.6% less than 
‘Emir’ at growth stage 21, and 82.9% less at growth stage 32. The fungal biomass fluorescence of the 
introgression line ‘182Q20’ was 77.2% less than ‘Golden Promise’ at growth stage 21, and 86% less at 
growth stage 32. 
Table 3.12:Fluorescence of Puccinia hordei fungal biomass based on subtracting the fluorescent 
units (FU) of 200 µL uninfected leaf homogenate from the FU of 200 µL P. hordei i fected leaf 
homogenate at growth stage 21 and 32 after visual assessment at 14 DPI.
Line 
Growth Stage 21 Growth Stage 32 
FU of 
infected 
leaf tissue
FU of 
uninfected 
leaf tissue
FU of fungal 
biomass 
FU of 
infected leaf 
tissue 
FU of 
uninfected 
leaf tissue
FU of fungal 
biomass 
Emir 1031.2 77.2 954.0 1086.0 105.7 980.3 
Golden promise 1151.8 70.6 1081.2 1047.2 122.6 924.6 
200A12 399.9 71.5 328.4 298.8 131.4 167.4 
182Q20 366.5 119.6 246.9 275.3 146.2 129.1 
 
3.4 Discussion 
Although there were variations in spore deposition between replicates for all the pathological 
experiments, the constant resistance of introgression lines to P. hordei was still observed across 
different replicates of each pathological experiment. For example, in the seedling experiment 
‘200A12’ and ‘182Q20’ of each replicate always had lower uredinia numbers than ‘Emir’ and ‘Golden 
Promise’, respectively. In addition, for both growth stages and adult plant experiments the uredinia 
numbers of ‘200A12’ and ‘182Q20’ for all the replicates were always very low. 
To minimize the variant spore deposition during inoculation, a method by sticking plant leaves of 
interest on the plastic boards for inoculation was adopted for seedling and growth stages 
experiments. This method eliminated the interference of other leaves and enabled the leaves of 
interest to be placed face up to the suspension sprays. In spite of this, the problem of variation in 
spore deposition for these two experiments was still not solved. Thus, the variation between the 
results of different replicates in the pathological experiments could be attributed to the spraying 
inoculation method.  
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When an inoculation was carried out, an airbrush atomiser was held by one hand to move around 
over inoculated leaves for suspension sprays. The amount of each spray was controlled by the 
strength used to press the airbrush button by the thumb. Since each inoculation was completed by 
dozens of individual sprays, it was impossible to make sure that a uniform strength was used for 
every spray. In addition, the adjustable nozzle also had a strong influence on the amount of sprays. 
This was the reason why different replicates within the same pathological experiment usually 
resulted in different spore densities even though the same amount of urediniospores was used for 
each replicates. On the other hand, a positive correlation between the mass of urediniospores used 
for inoculation and the number of urediniospores on inoculated leaf surface was not obtained with 
this method. Thus, to achieve a quantitative uniform spore coverage with suspension spraying, 
consistency in using the spray equipment will be required. 
To solve this problem, a better inoculation method which can achieve quantitative uniform spore 
deposition should be used in future studies, for example a settling tower. In the study by Negussie 
and Pretorius (2005), the feasibility of a settling tower to obtain uniform quantitative spore 
deposition was investigated using Lens culinaris and Uromyces viciae-fabae.The results indicated 
that uniformity of spore deposition increased with an increase in spore discharged into the settling 
tower, with there being no significant difference between locations when 8 mg of spores was used. A 
linear relationship between the amount of spores used for inoculation and the number of spores 
deposited on leaf surface was obtained. In addition, the study by Miclot et al. (2012) compared three 
different methods, settling tower with dry inoculum, spraying with aqueous suspension and aqueous 
suspension drops followed by spreading, for powdery mildew (Erysiphe necator) inoculation of 
grapevine (V tis vinifera, L.). Th  results indicated that the settling tower gave a uniform and 
quantifiable spore deposition and was the most efficient inoculation method compared to the others 
although this method was more laborious. Due to time constrains, the utilization of a quantitative 
inoculation method in the current study was not achieved. 
The partial resistance of ‘Vada’ and the two introgression lines to P. hordei at the seedling stage was 
confirmed in the present study. As the results indicated, the uredinia number on ‘Vada’ increased 
slowly at the middle stage of rust infection (i.e. 5 to 10 DPI) when the rust reproduced dramatically in 
the other susceptible barley lin s ‘Emir’ ‘Gus’ and ‘Golden Promise’ (Figure 3.5). The latent period 
results also showed that the rust on ‘Va a’ ook about 7 days to produce 50% of final uredinia 
number (Figure 3.6), while for other susceptible barley lines the latent period were about 6 days. 
Although slow in developing, the large uredinia surrounded with or without chlorosis and the high 
final uredinia counts at 13 DPI, still made ‘Vada’ a susceptible cultivar to P. hordei. This indicated that 
the partial or slow rusting resistance of ‘Vada’ at the seedling stage just slowed the infection process 
down, but did not stop rust from invading the plant. Thus, identification of partial resistance in the 
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field can be very difficult when barley genotypes with partial resistance also show susceptible 
reactions to P. hordei (Park et al., 2015). Prolonged latent period was considered to be the most 
crucial parameter used to identify partial resistance (Neervoort & Parlevliet, 1978). 
The prolonged latent period of rust was also obse ved in ‘182Q20’ and ‘200A12’ at the seedling 
stage. The latent period of ‘200A12’ was about 7% longer than on ‘Emir’ and ‘18Q20’ was about 48% 
longer than on ‘Golden Promise’. These results were similar to the first pathological characterisation 
of the two introgression lines by Pickering et al. (2004), with the latent periods on ‘200A12’ being 
16.2% longer than on ‘Emir’ and ‘182Q20’ being 43.5% longer than on ‘Golden Promise’ in their 
study. In addition, the mean IF of ‘200A12’ was 61.5%, 42.1% and 28.4% less than its barley genetic 
background ‘Emir’ at 5, 7 and 13 DPI, respectively. Line ‘182Q20’ had 100%, 86.3% and 68.9% 
reductions in mean IF at 5, 7 and 13 DPI, respectively compared to its barley genetic background 
‘Golden Promise’. This increasingly smaller difference with development of the rust infection showed 
that the rust pathogen on the two introgression lines produced very slowly at the early stage after 
inoculation (about 0-7 DPI), but this difference was reduced as rust development progressed. These 
results collectedly indicated the existence of partial resistance in the two introgression lines at the 
seedling stage although the resistance response of ‘200A12’ was more subtle. 
Another noteworthy point in the seedling experiment was the varying pathological phenotypes 
observed in the introgression lines when they were inoculated with different urediniospore densities. 
For instance under higher spore densities (Rep 2 with mean 28 urediniospores/cm2), the two 
introgression lines showed very susceptible infection types with large amounts of uredinia and the 
pathological difference between introgression lines and their barley genetic backgrounds were 
indistinguishable (Figure 3.7). However, under lower spore densities, for example in Rep 1 with mean 
15 urediniospores/cm2, introgression lines, especially ‘182Q20’, had some good level of resistance to 
P. hordei compared to their barley parents by showing smaller uredinia size and lower uredinia 
number. The variant pathological expressions of partial resistance under different spore densities 
gave an insight into studying or identifying the minor effect of resistance genes under low disease 
pressure. Because the utilization of partial resistance genes in breeding programs has been 
hampered mainly due to the difficulties in characterizing and selecting them (Park et al., 2015). If the 
phenotyping of partial resistance can be completed at the seedling stage within several weeks, the 
utilization of partial resistance in barley breeding programs will be highly accelerated. However, to 
investigate the feasibility of using low disease pressure to study or identify the barley genotypes with 
minor effect resistance genes, finding a method for achieving quantitative inoculation is required. 
For the adult plant experiment, the almost complete resistance of the two introgression lines to P. 
hordei was observed under greenhouse conditions. In the present study, an integrated adult plant 
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experiment was conducted in the greenhouse by using the plants which had already been inoculated 
with rust at the seedling stage for another inoculation at the adult plant stage and assessing disease 
responses. Although the difference between integrated and independent (uninoculated plants for 
inoculation and disease assessment) methods to assess adult plant resistance to P. hor ei wa  n t 
compared in the present study, the comparison between these two methods in the greenhouse and 
field-based method in assessment of wheat adult plant resistance to leaf rust (Puccinia triticina) has 
been evaluated. In the study by Riaz et al. (2016), the adult plant resistance of 21 spring wheat 
genotypes including resistance standards carrying adult plant resistance genes Lr34 and L 46to P. 
triticina were characterised with different assessment methods. The result  indicated that the 
correlation of the pathological results between integrated and independent adult plant assays in the 
greenhouse was very high with R2 = 0.9 for flag leaf, 0.88 for flag-1 leaf (first leaf under flag leaf) and 
0.96 for flag-2 leaf (second leaf under flag leaf). While the results between these two assays in the 
greenhouse and the field, indicated a strong correlation ranging from 0.63-0.76 for flag-1 and flag-2 
leaves, and a weaker correlation (R2 = 0.43-0.57) for flag leaf. The fungal biology between P. tritic na 
and P. hordei is similar and thus it is possible that the results obtained in this current greenhouse 
study could potentially be extrapolated to predict the disease responses of the two test introgression 
lines to P. h rdei under field conditions. However, it is still paramount to evaluate the pathology of 
the two introgression lines under New Zealand field conditions in future studies to better 
characterize their adult plant resistance to P. hordei. 
Another important finding of the present study was that the two introgression lines had increasing 
resistant responses to P. hordei a  plant development progressed. The two introgression lines 
‘200A12’ and ‘182Q20’ characterized in the present study were genetically identical to their barley 
parents ‘Emir’ and ‘Golden Promise’, respectively, except for the introgressed regions. Thus, in each 
pathological experiment the phenotypic differences between introgression lines and their barley 
parents based on the average level could only be caused by the phenotypic expression of H. 
bulbosum introgressions. 
According to the mean uredinia number on the four test lines at the last assessment of each 
pathological experiment (13 DPI for seedling and 14 DPI for growth stages and adult plant 
experiments), 28.4%, 68.1% and 92.2% reductions of ‘200A12’ were observed at seedling (two leaf 
stage GS 12), GS 21 and GS 32 stages, respectively compared to its barley genetic background ‘Emir’. 
The other introgression line ‘182Q20’ had 68.9%, 76.3% and 87.9% less mean uredinia numbers than 
‘Golden Promise’ at GS 12, 21 and 32, respectively. For the pathological experiment at the adult plant 
stage (flag leaf just visible GS 37), apart from a few of the inoculated leaves of ‘200A12’ having very 
low disease severities (about 5% uredinia coverage), most of the inoculated leaves had no visible P. 
hordei symptoms (no uredinia) with a higher level of resistance observed for ‘182Q20’, indicating 
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that both introgression lines showed nearly complete resistance to P. hor ei t the adu t plant ge. 
Thus, the reductions in mean uredinia number for both introgression lines compared to their barley 
parents were considered to be 100% at GS 37. If the uredinia reduction in the introgression lines 
compared to their barley genetic backgrounds are considered as a resistance parameter with higher 
percentages indicating more resistant responses to P. hord i, the ncreasingly r istant responses of 
the two introgression lines, especially ‘200A12’, was observed as plant development progressed 
(Table 3.13). 
The same result was also obtained using the fungal biomass assay. After visual assessment, the 
fungal biomass assay for each experiment was conducted by pooling the marked leaf segments of a 
single line from each replicate together for assessing the fluorescence exhibited by the rust fungus. 
By pooling replicated material together the fungal biomass assay reduced the influence of variations 
in the spore deposition on infection (Ayliffe et al., 2013). Thus, the fungal biomass fluorescence of 
the test lines, similar to the mean uredinia number, was able to indicate their pathological 
phenotypes at an average level. 
Table 3.13 : Correlation (R2) between the resistance levels of the introgression lines at each assessed 
growth stage based on the reductions in mean uredinia number (visual assessment) and fungal 
biomass fluorescence (fungal biomass assay) of ‘200A12’ and ‘182Q20’ compared to ‘Emir’ and 
‘Golden Promise’, respectively. 
Line Methods GS 12 GS 21 GS 32 GS 37 R2 
200A12 
Visual assessment 28.4% 68.1% 92.2% 100% 
0.98 Fungal biomass 
assay 
23.0% 65.6% 82.9  
182Q20 
Visual assessment 68.9% 76.3% 87.9% 100% 
0.99 Fungal biomass 
assay 
70.0% 77.2% 86.0%  
 
According to the result, the fungal biomass fluorescence of ‘200A12’ was 23.0%, 65.6% and 82.9% 
less than ‘Emir’ at GS 12, 21 and 32, respectively. While for ‘182Q20’, reductions of 70.0%, 77.2% and 
86.0% in fluorescence of the fungal biomass were observed at GS 12, 21 and 32, respectively 
compared to ‘Golden Promise’ (Table 3.13 ). Based on regression analysis, these two sets of results 
obtained by visual assessment and fungal biomass assay showed highly positive correlations with R2 = 
0.98 for ‘200A12’ and 0.99 for ‘182Q20’ (Table 3.13 ). Although the fungal biomass assay was not 
conducted for the adult plant experiment, the nearly complete resistance exhibited by the two 
introgression lines at the adult plant stage confirms the conclusion that the two introgression lines 
showed increasing resistant responses to P. hordei as the plants developed. 
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A similar result was reported by Golegaonkar, Singh, et al. (2009). In their study, 92 barley genotypes 
were used for assessing disease responses to P. hord i at the se dli g and adult plant stages under 
greenhouse and field conditions, respectively and seven barley genotypes showed resistant 
responses at both stages. These resistant responses at the adult plant stage were considered to be 
due to the effectiveness of the seedling resistance and the potential adult plant resistance underlying 
these seedling resistance were not able to be assessed. In the case of the current study, whether the 
seedling or adult plant resistance seen in the two introgression lines was just the side effect caused 
by another gene or they were controlled by two different genes are still unknown. 
The only confusing result which could not be fitted into this conclusion was obtained in the growth 
stages experiment for ‘200A12’. According to the result, ‘200A12’ had a very similar latent period 
compared to its susceptible barley parent ‘Emir’ with oth lines showing 50% uredinia number at 
about 6 DPI. However, at GS 12 and GS 37 the latent periods of ‘200A12’ were 6.9% and 26.7% longer 
than ‘Emir’, respectively and a 30% longer latent period was observed for ‘182Q20’ compared to 
‘Golden Promise’ at all the test growth stages. Due to ‘200A12’ showing a prolonged latent period at 
both GS 12 and 32, this short latent period at GS 21 was unlikely to be caused by the influence of the 
different growth stages. Another explanation could be due to the variant expression of plant 
resistance because the growth stages experiment at GS 21 and 32 were performed separately in a 
same greenhouse but at different times, and this slight change in environmental conditions could 
have influenced the latent period. The last possible reason could be due to the different 
urediniospore densities. Since the pathology experiment at GS 21 had higher mean urediniospore 
density than GS 32, which could result in a higher disease pressure and cause a shorter latent period 
at GS 21. This, however, would have to be further investigated. 
As described previously, there was a very high correlation between the results obtained by visual 
assessment and the fungal biomass assay when the phenotypic difference between introgression 
lines and their barley parents was measured. However, these two assessment methods had quite 
different results when the other two barley genotypes ‘Gus’ and ‘Vada’ were included in the seedling 
experiment.  
In the seedling experiment, ‘Emir’ and ‘Gus’ with the highest and second highest mean uredinia 
numbers resulted in the second highest and highest fluorescence values based on the fungal biomass 
assay. This kind of transposition was also observed between ‘200A12’ and ‘Vada’ with the third and 
fifth highest values in mean uredinia number but fifth and third highest values in fungal biomass 
fluorescence being observed. If both mean uredinia numbers and fluorescence values are an 
indication of the resistant levels of the test lines to P. hordei, with lower va ues sh wing more 
resistant responses, these two different assessment methods resulted in quite different phenotypic 
 65 
results. In the current study, the phenotypic results obtained by fungal biomass assay were 
considered to be more accurate and the reasons are discussed below. 
The visual assessment used in the current study consisted of three assessment methods: infection 
frequency, latent period and infection type. Of these three methods, infection frequency was the 
only parameter which could be used to quantify the pathological phenotypes of test lines. However, 
this kind of quantification does not truly reflect the disease responses of plants since other important 
characteristics, like uredinia size and sporulation, were not taken into account by just counting 
uredinia. While for the latent period, as discussed previously ‘200A12’ with obviously resistant 
responses (low uredinia number and ITs) at GS 21 could still result in a very similar latent period for 
rust development compared to its susceptible barley paren  ‘Emir’. Thus, even though a prolonged 
latent period was observed in a test line compared to the susceptible control, the presence of 
resistance was still not able to be confirmed based solely on this parameter. In addition, the 
assessment of infection frequency was subjective, especially when the inoculation densities were 
uneven, and the barley genotypes with very subtle resistance were very likely to be overlooked. 
On the other hand, although these assessment methods which are mainly based on disease 
symptoms have been used widely to assess the disease responses of barley plants to leaf rust 
(Derevnina et al., 2013; Golegaonkar et al., 2009; Pickering et al., 2004; Sandhu et al., 2014), it is 
possible that the results obtained did not reflect the real disease responses of test plants. In the 
study by Ayliffe et al. (2013), the contribution of spore biomass to the total fungal biomass was 
measured by quantifying chitin content. In their experiment, wheat leaves with sporulating pustules 
infected by P. graminis were autoclaved with 1M KOH and then the fluorescence of the spore 
material left in the buffer and the intact leaves were assessed separately using the same method. 
The result indicated that 97% or greater fluorescence exhibited by the rust was observed in leaf 
homogenate compared to the spore suspension. In addition, disease symptoms like chlorosis and 
necrosis assessed by infection type were external expressions of the host plant caused by defence 
mechanisms on a cellular level, like programmed cell death (Heath, 2000), fighting against the rust 
which had already penetrated into the apoplast and plant cells. The primary result caused by these 
defence mechanisms should be the reduction or limitation of rust growth inside the leaves. From 
these points of view, the external characteristics of rust infection like uredinia number, uredinia size, 
chlorosis and necrosis were phenotypic expressions caused by the interaction between the internal 
fungus and host plant. In addition, severe internal infection may not always be expressed as 
susceptible external disease symptoms. Thus, the assessment methods based on the appearance of 
rust infection only evaluated the disease responses of test plants through an indirect way and the 
quantification of internal fungal growth would be a more accurate method to reflect the real disease 
response.  
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Barley germplasm with durable resistance to P. ho dei is one of the important objectives for breeding 
programs. However, the disease resistance conferred by a single resistance gene has been proven to 
be nondurable due to the presence of new pathotypes. A more effective breeding strategy is 
pyramiding multiple resistance genes in the same barley cultivar which is considered to increase the 
durability of cultivar resistance and reduce the chance of resistance genes being overcome (Park, 
2003). The barley genotyps with the resistance genes from both ILs ‘182Q20’ and ‘200A12’ were 
produced with the help of marker assisted selection (MAS), and selfed for several generations to 
obtain ‘true breeding’ lines. The disease responses of these ‘true breeding’ lines carrying the two 
resistance genes to P. hordei w re characterized at the seedling stage by Rients et al. (unpublished). 
The results showed that the barley genotypes with the two resistance genes resulted in a similar 
phenotypes to ‘182Q20’, which is probably due to the resistance gene of ‘200A12’ being masked by 
that of ‘182Q20’. To prevent the masking effect of one gene over another, incorporating a smaller 
portion of the genomic regions containing the resistance genes in the same cultivar by first finding 
closely linked markers to the resistance genes was considered effective (Golegaonkar et al., 2009). 
Thus, the primary objective of the current study to identify the closely linked markers to the 
resistance gene of ‘200A12’ may improve the pyramiding program in the future. In addition, due to 
the much higher levels of resistance exhibited by the two introgression lines at post-seedling stages, 
the pathology evaluation of the barley lines carrying the two resistance genes from ‘182Q20’ and 
‘200A12’ at post-seedling stages will be interesting to evaluate in the future. The quantitative fungal 
biomass assay should also be included because this method has shown to be effective to assay the 
additive effects of several resistance genes to P. hordei on infec ed barley material (Ayliffe et al., 
2013). 
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Chapter 4 
Phenotyping and genotyping the mapping population 
4.1 Introduction 
4.1.1 Development of mapping population 
Two parents used for the mapping population development in the present study were the 
introgression line (IL) ‘200A12’ and the barley cultivar ‘Emir’. The IL ‘200A12’ was created through a 
breeding scheme between H. bulbosum genotyp  ‘A17’ and ‘Emir’, resulting in a single homozygous 
introgression of H. bulbosum being introduced into the genetic background of ‘Emir’. In comparison 
with highly susceptible barley cultivar ‘Emir’, IL ‘200A12’ was proved to show increasingly more 
resistant responses to P. hordei as plant development progressed. 
In Chapter 2, an F2 population of 1368 plants (377B) was screened for interspecific recombination 
events between cleaved amplified polymorphic sequences (CAPS) markers CM_1186 and H31_14212 
which are located at the proximal and distal ends of the introgression respectively. A total of 19 F2 
interspecific recombinants were obtained and selfed F3 seeds derived from each r combinant line 
were screened with the two flanking markers again to identify homozygous recombinant seeds. 
These F3 homozygous recombinant seeds from each F2 recombinant line had a reduced sized 
homozygous introgression and were retained as a F3 homozygous recombin nt line. A total of 19 F3 
homozygous recombinant lines were developed and formed the mapping population for the 
phenotyping and genotyping experiments in this chapter. In addition, ‘Emir’ and ‘200A12’ were used 
as the susceptible and resistant controls, respectively, and a heterozygous recombinant line 
‘377B_14_F3’ was also included for phenotype and genotype analyses. 
4.1.2 Development of polymorphic markers 
Polymorphic markers used in the present study were derived mainly from Kong (2015) based on 
single-nucleotide polymorphisms (SNPs) identified from the IL ‘200A12’ which were polymorphic 
between genomes of H. vulgare andH. bulbosum at the distal end of barley chromosome 1HL  
(Wendler et al., 2015). Twenty one CAPS and 48 high resolution melting (HRM) markers were 
designed (Kong, 2015) for amplification and validation with DNA templates from three respective 
genotypes, ‘Emir’, hybrid from ‘Emir’ × ‘200A12’ and ‘200A12’. These results indicated that 7 CAPS 
and 14 HRM markers allowed co-dominant discrimination of all the three possible genotypes, while 
another 8 CAPS and 14 HRM markers were capable of identifying the two homozygous genotypes. In 
addition, another two CAPS markers, H31_14214 and H5700, and one size polymorphic marker 
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KS240con at the distal end of barley chromosome 1HL, were also included in the current study. 
Markers KS240con, H5700 (Johnston unpublished) and H31_14214 (Johnston et al., 2009)  were 
designed based on the existing DNA sequences from Sato et al. (2009), 
https://wheat.pw.usda.gov/GG3/ and https://www.ncbi.nlm.nih.gov, respectively. 
4.1.3 High resolution melting (HRM) 
HRM is a technique used to detect DNA sequence variants based on the thermodynamic differences 
between DNA strands with different sequences (Taylor et al., 2010). HRM i  a post PCR meth d. The 
target DNA sequence is firstly amplified using PCR with intercalating dyes, such as LCGreen and 
EvaGreen, which will only bind to double stranded DNA. In the reaction, the fluorescence exhibited 
by the double stranded DNA increases with the increase of amplicons (i.e. the amplified DNA 
sequence). After PCR, the amplicons are precisely heated from 50°C to 95°C. As temperature 
increases, the double stranded DNA starts to melt apart when the melting temperature of the 
amplicon is reached and the fluorescence decreases due to the release of intercalating dyes from the 
double stranded DNA. The change of fluorescence is captured and displayed on a melting file which is 
determined by GC content, amplicon length and heterozygous or homozygous genotypes. Test 
samples with DNA sequence variants can be distinguished according to the different patterns of 
melting curves (Figure 4.1). 
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Figure 4.1 High resolution melt (HRM) profiles of the three possible SNP genotypes. (A) Normalized 
melting curves (B) Normalized melting peaks. C/C and T/T are two homozygous genotypes and C/T is 
a heterozygous genotype. Heterozygous genotype is usually distinguished by a different pattern of 
melting curve due to heteroduplexes, while different homozygous genotypes with the same pattern 
of melting curves are usually distinguished by the different temperatures of melting peaks. (De 
Koeyer et al., 2009). 
 
Aim: 
The overall aim of this chapter was to (1) determine the pathological phenotypes of 22 barley lines, 
19 homozygous recombinant lines, one heterozygous recombinant line and two parental lines, to P. 
hordei at growth stage (GS) 13-21 in a greenhouse study, (2) genotype the 22 barley lines using 
polymorphic markers within the introgression region and (3) find the makers co-segregating or 
closely linked with the barley leaf rust resistance.  
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4.2 Material and methods 
4.2.1 Pathological phenotyping 
Plant material and pathogen 
A total of 22 lines consisted of 19 F3 homozygous recombinant lines, one F3 heterozygous 
recombinant line and two parental lines (Table 4.1) were used for valuation of disease responses to 
P. hordei under greenhouse conditions (temperature at 20±2°C, with 14 hours day/10 hours night 
cycle). 
Table 4.1: Code names of 19 homozygous interspecific recombinant lines, one heterozygous 
interspecific recombinant seed and two parental lines used for testing susceptibilities to Puccinia 
hordei at GS 13-21 in the greenhouse. 
Parental lines Homozygous recombinant lines Heterozygous recombinant se d 
200A12 377B_311_F3 377B_1120_F3 377B_14_F3 
Emir 377B_348_F3 377B_1122_F3  
 377B_708_F3 377B_1262_F3  
 377B_713_F3 377B_1270_F3  
 377B_794_F3 377B_1287_F3  
 377B_811_F3 377B_1296_F3  
 377B_935_F3 377B_1323_F3  
 377B_953_F3 377B_1325_F3  
 377B_1073_F3 377B_1365_F3  
 377B_1079_F3   
 
Due to limited seed, only one s ed and two seeds were available for ‘377B_14_F3’ and 
‘377B_708_F3’, respectively, and all of those seeds were used for raising plants. In addition to these 
two lines, 40 seeds from ‘377B_794_F3’ (presumed to have double recombination events) and six 
seeds from each of the remaining lines were used to provide enough for 24 and 3 seedlings, 
respectively. Barley seeds were pre-germinated on Petri dishes lined with moistened filter paper. To 
assure uniform germination, the barley seeds were first placed at 4°C for 1 week before returning to 
room temperature (approximately 20°C). Once germinated, healthy-looking seedlings were planted 
into pots (15 cm in diameter) containing potting mix and set up as per the experimental plan (Figure 
4.2). 
One New Zealand P. hordei isolate (pt.) 5457P+ (coded as BLR-14/11 in Plant & Food Research, 
Lincoln) was used for the pathological experiment in this chapter. This isolat  was found in a 
separate pathotyping test (Park, 2003) against differential genotypes to be virulent to resistance 
genes Rph1, Rph2, Rph3, Rph4, Rph6, Rph9, Rph10, Rph12, and Rph19 (unpublished data). 
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Experimental plan 
Three replicates were carried out for the pathological phenotyping experiment. Because of 
constraints in the number of seeds, only one plant from ‘377B_14_F3’ was set up in replicate (Rep1 
and the only two plants from ‘377B_708_F3’ were arranged in Rep2 and Rep3 respectively (Figure 
4.2). For line ‘377B_794_F3’ which was presumed to have double recombination events, eight plants 
per replicate were used to check the possibility of phenotypic segregation. Apart from these three 
lines, one plant per replicate was used for each of the remaining 19 lines. Thus, each replicate 
resulted in 28 plants. The design was generated with CycDesign 5.1 (VSN International Ltd, 2013). 
Each replicate was divided into three sections for each of the inoculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Experimental plan for evaluating resistance responses of 22 barley lines to Puccinia ho dei 
at GS 13-21. (A) 200A12, (E) Emir. Numbers on the left top corner indicate pot numbers. Numbers on 
the right bottom corner indicate recombinant lines. Each replicate was divided into three sections for 
inoculation as indicated by the green line. 
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Inoculation procedures 
Inoculations were carried out for three successive days with a complete replicate inoculated each 
day. A complete replicate was divided into three sections (two with eight plants each and one with 
12 plants) (Figure 4.2) due to space constraints of incubators. A single section was inoculated at each 
time. The 22 test lines were genetically different and as such, they grew and matured at different 
rates. Only the third emerged leaf of each plant, counted from the bottom of plant, was inoculated 
and assessed for disease responses. Inoculations were commenced when the last plant of the three 
replicates had the third leaf fully expanded (all the plants were at GS 13-21). Plants from a single 
section were arranged along two sides of a plastic board (80 X 30 cm), which had been positioned at 
the same height as the third leaves. The third leaves of the plants on each side of the plastic board 
were then folded down in opposite directions over the board and secured using adhesive tapes. A 
urediniospore suspension was prepared by adding urediniospores in light mineral oil (Pegasol, Mobil 
Oil) at a rate of 1 mg of urediniospores per 2 mL of oil per eight plants. Prior to inoculation, 2% water 
agar slides were evenly distributed on the plastic board, with two slides for the section with eight 
plants and three slides for the section with 12 plants. The urediniospore density and percentage 
germination for individual plants was estimated by inspecting the nearest water agar slide. Water 
agar slides were prepared by dipping microscope slides in 2% sterile wat r agar. 
Inoculation was carried out by atomising the urediniospore suspension onto the leaves secured on 
the plastic board using an airbrush. One section was inoculated at a time and the airbrush was 
cleaned in between each inoculation by spraying with 70% alcohol and then with water. The secured 
leaves were released from the plastic board and the plants transferred into a humidity chamber 
together with water agar slides and incubated at 20°C, 100% relative humidity in the dark for 24 
hours. The plants were then maintained at 22°C, 14/10 hours light/dark photoperiod in a 
greenhouse. The urediniospore density (urediniospores/cm2) was e timated by counting the number 
of urediniospores (germinated and non-germinated) within a 1 cm2 rea f the water agar slides
under a compound microscope. The urediniospores with germ tubes which were equal or greater to 
the width of the urediniospores were determined as germinated. Disease responses were scored at 
4-5 days post inoculation (DPI). 
Disease assessment 
Visual assessment 
A 5 cm long area of each inoculated leaf containing pale flecks, which indicated the formation of 
uredinia, was selected and marked at 4-5 DPI before mature uredinia appeared. Once they were 
visible the mature uredinia within the marked areas were counted daily until 14 DPI. The latent 
period (LP) was determined as the time from inoculation to the time when 50% of the uredinia had 
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appeared. The infection type (IF) was assessed at 10 DPI using a scoring system Park (2003) as 
outlined below: 
0 = no visible symptoms, 
; = hypersensitive flecks,  
1 = minute uredinia surrounded by mainly necrotic tissue,  
2 = small to medium sized uredinia surrounded by chlorotic and/or necrotic tissue,  
3 = medium to large uredinia with or without surrounding chlorosis,  
4 = large uredinia without chlorosis,  
X = mesothetic, heterogeneous infection types similarly distributed over the leaf.  
The letters “C” and “N” were included in the scoring to indicate greater than normal chlorosis or 
necrosis, re pectively, and the symbols “-” or “+” to indicate lower or higher infection types, 
respectively, than normal. Infection types of 3+ or higher were considered to be compatible (i.e., 
virulent pathogen/susceptible host). Once the uredinia count was finished at 14 DPI, the actual area 
of the marked 5 cm long leaf segment for each plant was calculated in centimetres square by 
measuring its leaf width (5 x leaf width cm2) and then the infection frequency (IF) was assessed based 
on the number of uredinia per unit of the marked leaf area (uredinia/cm2). 
Fungal biomass assay 
Once the visual assessment of the last replicate was finished at 14 DPI, the marked 5 cm long leaf 
areas were dissected out of the inoculated leaves and placed into 15 mL Falcon™ tub s with all the 
replicated leaf tissues of a single line pooled together. Due to time constraints, line ‘377B_794’ which 
was presumed to have phenotypic segregation was treated as same as other test lines for fungal 
biomass assay by collecting all the replicated leaf tissues into a 50 mL Falcon™ tube. The fresh weight 
of the pooled leaf tissues in each tube was recorded. In this experiment, no extra plants of each line 
were set up as black controls for checking the fluorescence of clean leaf backgrounds due to the 
limited seed materials available from F3 homozygous recombinant lines. The fungal biomass assay 
was carried out using modified protocols by (Ayliffe et al., 2014). 
Collected leaf tissue was completely covered in 1 M KOH containing 0.1 % Pulse (Yates® Zero®) and 
autoclaved. The KOH solution was then poured off and the tubes filled with 50 mM Tris–HCl (pH 7.0).
This buffer was immediately discarded and replaced with 50 mM Tris–HCl (pH 7.0). Samples were 
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neutralized at room temperature (approximately 20°C) for 20 min. After neutralizing, the buffer was 
poured off and replaced with 8 mL of Tris–HCl (pH 7.0) per gram of fresh leaf. Then each sample was 
homogenized for 2 min using a disperser (T 10 basic ULTRA-TURRAX®). Each homogenate was 
aliquoted into three separate 1.5 mL Falcon™ tubes with 200 µL per tube using pipette tips with the 
ends cut, to give three replicates of each homogenate sample. Before taking each aliquot, the 
original leaf homogenates were mixed using a vortex at medium speed to maintain uniformity. To 
stain the infected leaf tissues, 10 µL of WGA-FITC (1 mg/mL) was added to each tube, mixed using a 
vortex and leaf to stand at room temperature (approximately 20°C) for 2 hours. The samples were 
then centrifuged at 600 × g for 3 min. The supernatant was removed as much as possible from each 
sample using a pipette and the samples were then resuspended in 200 µL of 50 mM Tris–HCl (pH 
7.0). This washing procedure with 200 µL of 50 mM Tris–HCl (pH 7.0) was repeated two more times 
before the samples were resuspended in 100 µL of 50 mM Tris–HCl (pH 7.0). Samples were 
transferred to a black 96-well microplate (OptiPlateTM -96F) using pipe te tips with ends cut and 
fluorescence measured in asp ctrophotometer (SpectraMax M2, Molecular Devices) under 485 nm 
adsorption and 535 nm emission wavelengths at 1.0 s measurement time. 
4.2.2 Marker genotyping 
DNA extraction 
When plants were at the two leaf stage, the test lines in Rep 1 and the ‘377B_708_F3’ in R p 2 were 
used for whole genome extraction. A section of approximately 4.0 x 1.0 cm of the first leaf, counted
from the bottom of plant, was collected from each plant using scissors and tweezers and placed into 
a 1.5 mL Falcon™ tube. Prior to collecting leaf tissue, two tungsten carbide balls (QIAGEN) were 
placed into each tube. After each collection, the scissors and tweezers were cleaned using a solution 
of dishwashing detergent. The collected leaf tissues were first kept at -20°C for at least 2 hours 
before being freeze-dried in a vacuum chamber (0.4mB r) at -30°C for 48 hours. Genomic DNA was 
then extracted from the freeze-dried samples using DNea y® Plant Mini Kit (QIAGEN ) following the 
manufacturer’s protocols. 
The tubes were placed on the Tissuelyser II and frozen leaf tissue disrupted at 20 Hz for four-1 min 
cycles. The tubes were rotated to ensure even disruption. Then the tubes were centrifuged at 172 × g 
at 20°C for 1 min followed by the addition of 400 µL of Buffer AP1 and 4 µL of RNase A to each tube. 
Samples were mixed using a vortex and incubated at 65 °C for 10 min. During incubation, samples 
were inverted 2-3 times. After incubation, 130 µL of Buffer P3 was added into each tube and samples 
mixed using a vortex and incubated on ice for 5 min. Then, the samples were centrifuged at 20,000 × 
g for 5 min and the lysate from each tube pipetted into a QIAshredder spin column (QIAGEN) placed 
in a 2 mL collection tube. Then, the tubes were centrifuged at 20,000 × g for 2 min. The flow-through 
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in each collection tube was then transferred into a new 2 mL collection tube without disturbing the 
pellet in the bottom of the tube. For each tube, 1.5 volumes of Buffer AWE1 was added and mixed by 
pipetting.  A total of 650 µL of the mixture from each tube was transferred into a DNeasy Mini spin 
column placed in a 2 mL collection tube and centrifuged at 6000 × g for 1 mi . Th , the flow-
through was discarded. The remaining mixture was used to repeat this step. Each DNeasy Mini spin 
column was placed in a new 2 mL collection tube and 500 µL of Buffer AW2 added into each tube. 
Then, the tubes were centrifuged at 6000 × g for 1 min and he flow-through discarded. Another 500 
µL of Buffer AW2 was added into each tube and tubes centrifuged at 20,000 × g for 2 min. Each spin 
column was transferred to a new 1.5 mL Eppendorf tube and 100 µL of Buffer AE added into each 
tube to elute the DNA. Then the columns were stood for 5 min at room temperature (15-25°C) and 
centrifuged at 6000 × g for 1 min. After centrifugation, another 100 µL of Buffer AE was added into 
each column, stood for 5 min at room temperature and centrifuged at 6000 × g for 1 min. The 
concentrations of the genomic DNA were measured using NanoVue (GE Healthcare) and DNA 
templates were diluted to around 20 ng/µL before PCR. 
Markers genotyping 
A total of 47 DNA markers including 14 CAPS, 28 HRM, 5 size polymorphic markers (Table 4.2) were 
used for genotyping the mapping population. 
CAPS markers 
All the CAPS markers were amplified in a 10 µL reaction volume which contained 1 µL of 10X PCR 
buffer (Thermo Fisher), 1 µL of 2 mM dNTPs (Fermentas), 1 µL of 25 mM MgCl2 (Thermo Fisher), 0.15 
µL of each 20 µM primer (Bioneer), 0.04 µL of 5U/µL Thermo-Prime Taq DNA polymerase (Thermo 
Fisher), 1 µL of DNA template (approximately 20 ng/ µL) and 5.66 µL of sterile water. Amplification 
was performed on a Mastercycler Pro S (Eppendorf). The PCR conditions for all the CAPS markers 
were the same and outlined as follows: an initial denaturation at 94°C for 2 min followed by 40 cycles 
of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s, with a 
final extension at 72°C for 5 min. After amplification the 10 µL PCR products were digested with 2U of 
the corresponding restriction enzyme (Table 4.2). The digests w re incubated at 37°C for 4 hours. 
The digested amplicons were separated by electrophoresis on a 2.5% agarose gel (2.5 g agarose 
powder and 100 mL 1xTBE buffer) at 280V for 10 min against 1Kb plus DNA ladder (1 µg⁄µl; 
ThermoFisher). The agarose gels were stained with ethidium bromide (0.5 µg/mL) for 1 hour and 
photographed under UV light (Gel Doc™, Bio-Rad). 
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HRM markers 
All PCR were conducted using a 10 µL reaction volume which contained 2 µL of 5x HOT FIREPol® 
EvaGreen® HRM mix (Solis BioDyne), 0.25 µL of each 10 µM primer, 1 µL of DNA template 
(approximately 20 ng/ µL) and 6.5 µL of sterile water. Then, 20 µL of PCR grade mineral oil (SIGMA) 
was added to each reaction to prevent losses caused by evaporation. Touchdown PCR amplification 
was conducted on a Mastercycler Pro S (Eppendorf) with thermal cycling conditions as follows: an 
initial denaturation at 95°C for 15 min, then 10 cycles of denaturation at 95°C for 30 s, annealing 
started at 65°C or 60°C as indicated in Table 4.2 (65°C or 60°C touchdown, respectively) for 30 s and 
decreased by 0.5°C per cycle, and elongation at 72°C for 30 s. The touchdown cycles were followed
by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 
s, with a final cycle of 95°C for 30 s and 28°C for 30 s and hold at 10°C. After amplification, amplicons 
were transferred to a LightScanner (Idaho Technology Inc.) for HRM analysis. The amplicons were 
gradually heated from 50°C to 95°C. Melting profiles were obtained through analysis using the ‘small 
amplicon’ module of the Lightscanner software version 2.0.0.1331 (Idaho Technology Inc.). 
Size polymorphic markers 
All the markers were amplified using the same reaction volume as CAPS markers. Amplification was 
performed on a Mastercycler Pro S (Eppendorf) using thermal cycles as follows: an initial 
denaturation at 94°C f r 2 min followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 
55°C or 50° C as indicated in Table 4.2 for 30 s, and elongation at 72°C for 30 s, with a final extension 
at 72°C for 5 min. After amplification, the PCR products amplified with KS240con were separated by 
electrophoresis on a 2.5% agarose gel at 100V for 60 min, while the amplicons for the remaining 
makers were separated on a 2.5% agarose gel at 280V for 10 min. Two µL f 1Kb plus DNA ladder (1 
µg⁄µl; ThermoFisher) was used as a molecular weight marker. The agarose gels were stained and 
photographed using the same methods as CAPS markers. 
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Table 4.2: Primer sequences (F=forward and R=reverse) of the 47 DNA marke s used f r genotyping 
the mapping population. 
Markers PCR primers sequence bases (5’-3’) 
Annealing 
temp (°C)
Marker type Reference 
CM_1140 
F: GTACAGGCGGTTGTTGTCTC  
65 Touchdown HRM  
(Kong, 2015) 
R: TCCATTGCTCAATGCTGCAG  
CM_1141 
F: GTCAACGCTACAAGGAAGGG  
60 Touchdown HRM  
R: TCAACCCACAGAGCAAATGAC  
CM_1143 
F: CAGACGAGCTCCAGGTAGG  
60 Touchdown HRM  
R: GCACTGCTACCTCCTCGAG  
CM_1144 
F: GTGCTCAAATAACTTGGCCAC  
60 Touchdown HRM  
R: CGTTGCTGCAGATTTCGTTG  
CM_1145 
F: GCAGGTAAGCCTCTGCAAAC  
60 Touchdown HRM  
R: GGCCACCACCATCATCAAC  
CM_1148 
F: GCCCTACTTGTTAGAAAGACACC  
65 Touchdown HRM  
R: CTGCAGCAGAGTCCTTAACG  
CM_1149 
F: TGTTCCAGGACTGCCTCATC  
60 Touchdown HRM  
R: GAACCACCGAGATGTGCTTC  
CM_1150 
F: CCTTGTCAACGCAGAGGTAG  
65 Touchdown HRM  
R: CAGAAGCTGGGAGTAATGCC  
CM_1151 
F: TGATGAATGGAAGGAGCTACTAC  
60 Touchdown HRM  
R: CAGCACTATGAATGTAACAAGTCTG  
CM_1152 
F: CTGACTGCAGCTGGTTAACC  
65 Touchdown HRM  
R: ATGTCTGGACACCGGAAGAG  
CM_1153 
F: GGATTAGTGTTTGGACTCATCCC  
60 Touchdown HRM  
R: CCCAGCTTCCTATCCTGGTAG  
CM_1154 
F: TGCAGAGGCCAGAGTTATCCTC  
65 Touchdown HRM  
R: GTGGCGAGTGGAGGTGGG  
CM_1155 
F: ACTTGAGGCCCGTTAAATGG  
65 Touchdown HRM  
R: ACCCAGACTGATGAGAGTCC  
CM_1156 
F: GAGCTCATGGAGGAGTCGG  
60 Touchdown HRM  
R: AACTGTCGACGAGGAGGAG  
CM_1157 
F: ATCTCCATGATGTCCGGCG  
60 Touchdown HRM  
R: ATGAGCTCCTTCTCGCACTC  
CM_1158 
F: CAAACGGATCAGCTAGCCAC  
60 Touchdown HRM  
R: TCAACGAGAGGCTCAAGGAC  
CM_1160 
F: TCCCATTCCGGTGTATGTCC  
60 Touchdown HRM  
R: GAGTTGATGAAGCGGTCCTG  
CM_1161 
F: TCTTCTTCGTCCCATCTCCG  
65 Touchdown HRM  
R: TAAGGCTGCAGCTAGTCGTG  
CM_1162 
F: GATGGTGAAGCCTGGTTTCC  
65 Touchdown HRM  
R: AGATGACGATGATGCACAGC  
CM_1163 
F: CACCTGAAATCTGCCTCTGC  
65 Touchdown HRM  
R: TCACATCGACATCAAAGCCG  
CM_1164 
F: TGCTGTCACATTGCGAAGAC  
65 Touchdown HRM  
R: ACAAAGGCTCCTCCTACCTG  
CM_1165 
F: TCACTCGCCTTGCAAAGATG  
60 Touchdown HRM  
R: ACGGAGGGAGTACATTGCTG  
CM_1166 
F: AACACAAGCTTGGCGACAG  
60 Touchdown HRM  
R: TGGCAGGTTCCATTTGCTAC  
CM_1167 
F: GCTCAAACATCCACACTTTGC  
65 Touchdown HRM  
R: TCGCCAAGCTTGTGTTTAGC  
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Markers PCR primers sequence bases (5’-3’) 
Annealing 
temp (°C)
Marker type 
CM_1168 
F: ATCTACGACCTCGAGCTCAC  
60 Touchdown HRM  
R: GATCGATGCTGCAGTCGATG  
CM_1173 
F: GCGTTGTTGGAGATGTCGAG  
65 Touchdown HRM  
R: GCTCTACCTCCAGACCAACC  
CM_1176 
F: CATCCGCTGCAGCCAGTC  
65 Touchdown HRM  
R: TGCTGGATGGGTCTTTCGATG  
CM_1185 
F: GGTGACTCACCGTGGCAC  
65 Touchdown HRM  
R: TTCAGAGCGTCCCAAACCAC  
CM_1186 
F: AACATGGTGCAGGTTTGGTC  
55 CAPS/AluI 
R: TGACTGAAGCCCGACTATCC  
CM_1187 
F: GTACAGGCGGTTGTTGTCTC  
55 CAPS/HinfI 
R: TCTTTCATTCCGGGCTACCC  
CM_1188 
F: GAAAGTGCGGTGCTTTCTTG  
50 
Size 
polymorphism R: CATCCTCCTCCTCGTCGTAG  
CM_1189 
F: CTACAGGCTAGGAGACGTGG  
50 
Size 
polymorphism R: TCGACTTCTCCACGTAGCTC  
CM_1191 
F: GTGCTCAAATAACTTGGCCAC  
50 
Size 
polymorphism R: CTATCACCACACGACCAAACC  
CM_1192 
F: TGGTCTGAACAACAATGGCG  
55 
CAPS/DpnII_Sa
u3AI R: AAGGGTTGGGCTGTCAAATC  
CM_1193 
F: GATGGCGGCTTGGAAGTAAG  
50 
Size 
polymorphism R: CCTGTCCGATCGATGCAAAG  
CM_1194 
F: GCGCGCTGTGATGCATATAC  
55 CAPS/HinfI 
R: TGTGGAATGGAGTGAGTACCG  
CM_1195 
F: CATCTGCTTGTAGCTGCACG  
55 CAPS/AluI 
R: GGCAAGACAATGTCCTTGGG  
CM_1197 
F: TGTACGAGTGCGAGAAGGAG  
55 
CAPS/DpnII_Sa
u3AI R: CTTCTGGAGCGAGCATTCAC  
CM_1198 
F: TCTTCTTCGTCCCATCTCCG  
55 CAPS/RsaI 
R: ACTGTAAAGCTCGTTGGCTG  
CM_1199 
F: TTGTGCCTTCTCCCTGAGAG  
55 CAPS/RsaI 
R: TGCCGAAATCAGCAAGACAC  
CM_1200 
F: TTTCACGATCGAAGTGGCAC  
55 CAPS/AluI 
R: GAGCTCAACAGTGCAGGTTC  
CM_1201 
F: AAACACAAGCTTGGCGACAG  
55 CAPS/RsaI 
R: GCCCTGCTGATATGTTGCTC  
CM_1202 
F: ACCCAACCCATAGGAAGCTC  
55 CAPS/HindII 
R: AAGCAGAGTACTCCCTTGGG  
CM_1206 
F: AGCCAGTCACAAATCGCATC  
55 
CAPS/DpnII_Sa
u3AI R: CAAAGCCAGCCTCCAAGC  
H5700 
F: TGTTYTACCTGAGGAGAATGAA  
55 CAPS/SspI 
(Johnston 
unpublished) 
R: ACTGAATCTTCTGGTTGATAGC  
KS240con 
F: CAGGAGACAAAGGTTCAGCA  
55 
Size 
polymorphism R: GTGATGCGTGCCATGTTTAT  
H31_142
14 
F: GGGTTTTTGCTGYCCAAGTK  
55 CAPS/HinfI 
(Johnston et 
al., 2009) R: TGGSGATGCTGCAATCAA  
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Construction of linkage map 
The software R (ve sion 3.3.3), run through RStudio (version 1.0.136) was used to develop a genetic 
linkage map using the package ASMap (version 0.4). The genotype data for all F2 plants were used by 
imputing the non-recombinant genotypes (homozygous H. vulgare, h mozygous H. b lb sum and 
heterozygotes) for all remaining markers and combining them with the reconstituted recombinant F2
genotypes. These F2 recombinant genotypes were generated from combining the F2 flanking markers 
information (Chapter 2) with the genotyping of the 19 F3 homozyg us recombinant lines in this 
chapter. This mapping scheme both reduced the workload and cost associated with genotyping the 
entire F2 population but also enabled the genetic distance between markers to be remained accurate 
for the complete mapping population. 
 
 
4.3 Results 
4.3.1 Pathological phenotyping 
Visual assessment 
Mean spore density and germinability at 1 DPI of each test line, estimated by water agar slides, had 
substantial variation (Table 4.3). The highest mean spore density 47.7 urediniospores/cm2 was 
obtained from ‘377B_1287_F3’ and lowest mean spore density 25.3 urediniospores/cm2 was 
obtained from ‘377B_1323_F3’. While for germinability at 1DPI, the lowest rate 72.4% was observed 
for ‘377B_1120_F3’ and the highest percentage 97.3% was obtained for ‘377B_14_F3’. 
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Table 4.3: Mean urediniospore densities (urediniospores/cm2) and perc ntage germination (%) at 1 
DPI, estimated by water agar slides placed in each of the three replicates while inoculation, of 22 test 
lines testing their susceptibilities to Puccinia hordei at GS 13-21. 
Line Spore density Percentage germination
377B_14_F3 37.0 97.3 
377B_311_F3 37.3 85.7 
377B_348_F3 45.0 86.7 
377B_708_F3 38.0 75.0 
377B_713_F3 34.0 82.4 
377B_794_F3 35.8 82.7 
377B_811_F3 33.7 89.1 
377B_935_F3 27.0 77.8 
377B_953_F3 30.7 89.1 
377B_1073_F3 32.0 79.2 
377B_1079_F3 29.0 81.6 
377B_1120_F3 42.3 72.4 
377B_1122_F3 43.3 85.4 
377B_1262_F3 35.0 73.3 
377B_1270_F3 28.3 83.5 
377B_1287_F3 47.7 74.8 
377B_1296_F3 38.3 80.9 
377B_1323_F3 25.3 77.6 
377B_1325_F3 33.7 90.1 
377B_1365_F3 31.7 87.4 
200A12 34.0 81.4 
Emir 35.3 82.1 
 
 
 
Mean infection frequencies (IF) of 22 test lines varied greatly (Table 4.4). Th  highest mean IF was 
obtained for ‘1323’ with 20.3 urediniospores/cm2 leaf area, while the lowest IF was observed for 
‘1122’ with 2.1 urediniospores/cm2 leaf area. In addition, the variation in urediniospore deposition 
between lines did not have a strong influence on the infection frequency. For example, lin s ‘348’, 
‘1120’ and ‘1122’ with spore densities higher than 40 urediniospores/cm2 on the water agar slide, 
had significantly lower infection frequencies than the susc ptible control ‘Emir’. Conversely, lines 
‘935’, ‘1270’ and ‘1323’ with spore densities around 30 urediniospores/cm2 o  the water agar slide 
had very high infection frequencies in comparison with the resistant control ‘200A12’. 
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Table 4.4: Mean infection frequencies (IF) based on uredinia per square centimetre leaf area of 22 
test lines to Puccinia hordei ssess d at 6, 8 and 14 days post inoculation (DPI). Lines were ordered 
from the lowest IF to the highest IF at 14 DPI. 
Line 6 DPI 8 DPI 14 DPI 
377B_1122_F3 0.6 1.6 2.1 
377B_1365_F3 0.1 0.7 2.6 
200A12 0.5 2.7 3.6 
377B_1296_F3 1.1 3.6 4.8 
377B_348_F3 1.2 4.2 4.9 
377B_794_F3 1.7 4.3 5.3 
377B_953_F3 1.3 4.1 5.4 
377B_1079_F3 3.3 5.0 5.4 
377B_1325_F3 1.8 4.9 5.6 
377B_1120_F3 3.3 7.1 7.6 
377B_811_F3 5.8 7.7 8.3 
377B_1073_F3 3.3 6.5 8.8 
377B_311_F3 4.4 7.9 9.1 
377B_713_F3 6.6 9.8 10.5 
377B_14_F3 4.7 10.7 11.0 
377B_1262_F3 7.6 11.4 11.8 
377B_935_F3 11.1 14.2 14.4 
377B_708_F3 5.8 12.9 14.5 
377B_1287_F3 10.3 14.1 14.5 
377B_1270_F3 10.8 14.8 15.5 
Emir 14.0 19.2 19.9 
377B_1323_F3 15.8 20.1 20.3 
 
 
 
Infection types of 22 test lines in three replicates generally were consistent (Table 4.5). The 22 test 
lines were classified into two groups: one having infection types similar to resistant parent ‘200A12’  
with small to medium sized uredinia surrounded by chlorotic and/or necrotic tissue (Figure 4.3 A); 
another group having infection types similar to the susceptible parent ‘Emir’ with medium to large 
uredinia with or without surrounding chlorosis (Figure 4.3 B). 
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Table 4.5: Infection types of 22 test lines to P. hord i assessed at 10 days post inoculation (DPI) for 
each of the three replicates. 
Line Rep 1 Rep 2 Rep 3 
377B_14_F3 ;2C* / / 
377B_311_F3 ;2+C ;2- ;2-C 
377B_348_F3 ;2- ;2 ;2 
377B_708_F3 ;2+ ;2 / 
377B_713_F3 3+ 3- 3C 
377B_811_F3 3 3 3 
377B_935_F3 3 3- 3+C 
377B_953_F3 ;2 ;1 ;2- 
377B_1073_F3 ;2- ;2C Died 
377B_1079_F3 ;2-NC  ;2+ ;2- 
377B_1120_F3 ;2-C ;2- ;2+ 
377B_1122_F3 ;2- ;2-C ;0 
377B_1262_F3 3 3 3+C 
377B_1270_F3 3 3+ 3 
377B_1287_F3 3 3+ 3+ 
377B_1296_F3 ;2- ;2- ;2-C 
377B_1323_F3 3+ 3+C 3+C 
377B_1325_F3 ;2 ;2-C ;2- 
377B_1365_F3 ;2- ;2- ;2- 
200A12 ;2-C ;2 ;2- 
Emir 3+ 3+C 3+C 
377B_794_F3 ;2 ;2- ;2 
377B_794_F3 ;2-C ;2+C ;12- 
377B_794_F3 ;2 ;2- ;2- 
377B_794_F3 ;2- ;2-C ;2-C 
377B_794_F3 ;2C ;2 ;2- 
377B_794_F3 ;2- ;2- ;0C 
377B_794_F3 ;2- ;2-C ;2-C 
377B_794_F3 ;2+C ;2-C ;2- 
*0 = no visible symptoms, ; = hypersensitive flecks, 2 = small to medium sized uredinia surrounded by 
chlorotic and/or necrotic tissue, 3 = medium to large uredinia with or without surrounding chlorosis. 
The letters “C” and “N” were included in the scoring to indicate greater than normal chlorosis or 
necrosis, respectively. The symbols “-” or “+” to indicate lower or higher infection types, respectively, 
than normal. The symbol “/” indicate this treatment was not carried out in the experiment. 
  
 83 
 
 
 
 
 
 
 
 
Figure 4.3: Two typical infection types obtained from these 22 test lines to Puccinia horde. A: small 
to medium sized uredinia surrounded by chlorotic and/or necrotic tissue from the line 377B_953_F3 
in Replicate 1, B: medium to large uredinia with or without surrounding chlorosis from the line 
377B_1287_F3 in Replicate 1. 
 
Based on the results of infection frequency and infection type, lines 377B_1122_F3, 377B_1365_F3, 
377B_1296_F3, 377B_348_F3, 377B_794_F3, 377B_953_F3, 377B_1079_F3, 377B_1325_F3, 
377B_1120_F3, 377B_1073_F3 and 377B_311_F3 displayed infection types like ‘200A12’ and had low 
infection frequencies so were identified as resistant lines (Table 4.6). Lines 377B_1323_F3, 
377B_1270_F3, 377B_1287_F3, 377B_935_F3, 377B_1262_F3 and 377B_713_F3 displayed infection 
types like ‘Emir’ and had high infection frequencies so were considered as susceptible lines (Table 
4.6 ). While lines 377B_14_F3 and 377B 708_F3 with infection types like ‘200A12’ but high infection 
frequencies and line 377B_811_F3 with infection type like ‘Emir’ but low infection frequency were 
classified as indeterminate (Table 4.6). 
  
A 
B 
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Table 4.6: Host responses of 22 test lines to Puccinia hordei based on the results of infection 
frequency and infection type. 
Line Host responses 
377B_14_F3 Indeterminate 
377B_311_F3 Resistant 
377B_348_F3 Resistant 
377B_708_F3 Indeterminate 
377B_713_F3 Susceptible 
377B_794_F3 Resistant 
377B_811_F3 Indeterminate 
377B_935_F3 Susceptible 
377B_953_F3 Resistant 
377B_1073_F3 Resistant 
377B_1079_F3 Resistant 
377B_1120_F3 Resistant 
377B_1122_F3 Resistant 
377B_1262_F3 Susceptible 
377B_1270_F3 Susceptible 
377B_1287_F3 Susceptible 
377B_1296_F3 Resistant 
377B_1323_F3 Susceptible 
377B_1325_F3 Resistant 
377B_1365_F3 Resistant 
200A12 Resistant 
Emir Susceptible 
 
 
Fungal biomass assay 
The mean fluorescent units (FU) of infected leaf tissues for each line in terms of 200 µL of infected 
leaf homogenate stained with WGA-FITC are outlined in Table 4.7 and Figure 4.4. By ordering these 
22 test lines from the lowest FU of infected leaf tissues to the highest FU of infected leaf tissues, the 
fungal biomass assay had a very conflicting result from infection frequency based on counting 
uredinia (Table 4.7). The highest FU of infected leaf tissues was obtained from the line 
377B_1270_F3, while the lowest from the line 377B_1365_F3. The horizontal line in Figure 4.4 
indicates the mean value between the fluorescence of resistant control ‘200A12’ and susceptible 
control ‘Emir’. Lines with fluorescence of infected leaf tissues higher than 377B_713_F3 (including 
377B_713_F3) were classified as susceptible, while lines having fluorescence of infected leaf tissues 
lower than 377B_1073_F3 (including 377B_1073_F3) were considered to be resistant (Figure 4.4). 
Lines 377B_14_F3 and 377B_811_F3 with fluorescent units very close to the mean value between 
resistant and susceptible controls were classified as the lines having intermediate host response to P. 
hordei (Table 4.7). 
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Table 4.7: Mean fluorescent units of infected leaf tissues from 22 test lines, based on 200 µL of 
infected leaf homogenate, testing disease responses to Puccinia hordei. 
Line IF at 14 DPI FU of infected leaf tissues 
377B_1365_F3 2.6 342.82 
377B_1122_F3 2.1 373.51 
377B_1079_F3 5.4 394.04 
377B_953_F3 5.4 428.72 
377B_348_F3 4.9 457.92 
377B_1296_F3 4.8 466.76 
377B_1325_F3 5.6 520.02 
200A12 3.6 533.23 
377B_311_F3 9.1 536.61 
377B_1120_F3 7.6 536.96 
377B_794_F3 5.3 568.91 
377B_1073_F3 8.8 577.22 
377B_14_F3 11 658.46 
377B_811_F3 8.3 680.91 
377B_713_F3 10.5 713.53 
377B_708_F3 14.5 743.95 
377B_1262_F3 11.8 789.93 
Emir 19.9 816.47 
377B_1287_F3 14.5 848.87 
377B_935_F3 14.4 934.29 
377B_1323_F3 20.3 966.71 
377B_1270_F3 15.5 970.05 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Fluorescence distribution of 22 test lines. The horizontal line indicates the mean value 
between the fluorescence of resistant control ‘200A12’ and susceptible control ‘Emir’. 
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The host responses of 22 test lines based on visual assessment and fungal biomass assay are outlined 
in Table 4.8. Both assessment methods resulted in very similar result, except the fungal biomass 
assay provided more resolution to classify the line 377B_708_F3 to be susceptible to P. hordei.
 
Table 4.8: Summary of host responses of 22 test lines to Puccinia hordei bas d on th  results of visual 
assessment and fungal biomass assay, respectively. 
Line 
Host response based on visu l 
assessment 
Ho t response based on 
fungal biomass assay 
377B_14_F3 Indeterminate Intermediate 
377B_311_F3 Resistant Resistant 
377B_348_F3 Resistant Resistant 
377B_708_F3 Indeterminate Susceptible 
377B_713_F3 Susceptible Susceptible 
377B_794_F3 Resistant Resistant 
377B_811_F3 Indeterminate Indeterminate 
377B_935_F3 Susceptible Susceptible 
377B_953_F3 Resistant Resistant 
377B_1073_F3 Resistant Resistant 
377B_1079_F3 Resistant Resistant 
377B_1120_F3 Resistant Resistant 
377B_1122_F3 Resistant Resistant 
377B_1262_F3 Susceptible Susceptible 
377B_1270_F3 Susceptible Susceptible 
377B_1287_F3 Susceptible Susceptible 
377B_1296_F3 Resistant Resistant 
377B_1323_F3 Susceptible Susceptible 
377B_1325_F3 Resistant Resistant 
377B_1365_F3 Resistant Resistant 
200A12 Resistant Resistant 
Emir Susceptible Susceptible 
 
 
4.3.2 Markers genotyping 
Genotype results of DNA markers 
A total of 29 DNA markers consisting of 14 CAPS, 11 HRM and four size polymorphic markers had 
good amplification and showed clear genotype results for the 19 homozygous recombinant and 2 
parental lines (Table 4.9). Examples of CAPS, HRM and size polymorphic marks are shown in Figure 
4.5, Figure 4.6 and Figure 4.7, respectively. 
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The 19 homozygous recombinant lines and two parental lines could only result in VV or BB genotype 
for each of the makers used for genotyping, where V and B represent the genome constitution of H. 
vulgare and H. bulbosum, respectively. Thus, dominant markers which are unable to distinguish 
heterozygote from two homozygotes could still have clear results when they were used to genotype 
these 21 barley lines. While for line ‘377B_14_F3’ with a reduced sized heterozygous introgression at 
the proximal portion of the original introgression region, the dominant markers had the same 
genotype call for VV and VB genotypes. Thus, the genotype VH (Table 4.9) was used for line 
‘377B_14_F3’ to indicate the uncertainty on the results obtained by the dominant markers. 
According to the genotyping and phenotyping results of 22 test lines (Table 4.9), the int rmediate 
host response of line ‘377B_811_F3’ was identified as an error. Because the phenotyping results of all 
the test lines, except ‘377B_811_F3’, collectively showed the resistance gene was located to the 
genomic region between marker CM_1187 and CM_1194. The intermediate host response of 
‘377B_811_F3’ was the only conflating phenotyping result to the location of the resistance gene. 
According to its genotype, a susceptible host response should be observed from line ‘377B_811_F3’. 
The markers genotypes for the original F2 heterozygous recombinants (Tab e 4.10 ) were 
reconstituted by combing the genotyping results of F3 homozygous recombinants in this chapter and 
the flanking markers information of F2 heterozygous recombinants in Chapter 2. The reconstituted 
genotypes of F2 recombinants and the flanking markers information of F2 non-recombina ts were 
used to construct the linkage map of the segregating markers on the entire F2 population. 
 
 
 
 
 
 
 
  
Figure 4 .5: Example of the genotype results of a co-dominant CAPS marker CM_1199 with 22 test 
lines. VV genotype was characterized by mutiple bands on top, BB genptype resulted in a single band 
on bottom and VB genotype had both top and bottom bands as VV and BB, respectively. V and B 
represent the genome constitution of Hordeum vulgare and Hordeum b lbosum, respectively. M = 
1Kb plus DNA ladder. Het = the hybrid derived from 200A12 and Emir. 
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A) 
B) 
Figure 4 .6 : Example of the HRM profile of a co-dminant marker CM_1144 with 22 test lines. A) 
Normalized melting curves. B) Normalized melting peaks. The three genotypes were distinguished by 
different patterns of melting curves and the different temperatures of melting peaks. Genotypes VV, 
BB) and VB (i.e. ‘14’ and ‘Het’) are shown in red, grey and blue, respectively. V and B represent the 
genome constitution of Hordeum vulgare and Hordeum b lbosum, respectively. Negative control is 
shown as brown horizontal line at 0 on the Normalized Melting Peaks axis.
11
2
2
 
12
62
 
12
7
0 
12
8
7 
12
9
6 
13
2
3
 
13
2
5
 
2
00
A
12
 
13
65
 
E
m
i
r
 
H
e
t
 1
4
 
31
1
 
348
 
7
08
 
7
13
 
7
9
4 
8
11
 
9
35
 
9
53
 
10
7
3 
10
7
9 
11
2
0
 
M 
4 00 bp 
300  bp 
Figure 4 .7: Example of the genotype results of a size polymorphic marker KS240con with 22 test 
lines. VV genotype reuslted in a single band on bottom, BB genptype was characterized by a single 
band on top and VB genptype had multiple bands. V and B represent the genome constitution of 
Hordeum vulgare and Hordeum bulbosum, respectively. M = 1Kb plus DNA ladder. Het = the hybrid 
derived from ‘200A12’ and ‘Emir’. The amplification of this marker failed for ‘708’. 
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Table 4.9:  Genotyping and phenotyping results of 22 test lines, where V and B represent the genome constitution of H. vulga and H. bulbosum, resp ctiv ly and
R, S and M indicate the resistant, susceptible and intermediate host responses to Puccini  hordei. 
*The genotyping results of line ‘377B_811_F3’ indicated that a susceptible host response should be obtained. 
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200A12  BB BB BB R BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_311_F3 BB BB BB R BB BB BB BB BB BB BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1073_F3 BB BB BB R BB BB BB BB BB BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1120_F3 BB BB BB R BB BB BB BB BB BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1325_F3 BB BB BB R BB BB BB BB BB BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_14_F3 VB VB VB M  VH  VB VB VB VH  VB VB VB VH  VV VV VH  VV VV VV VH  VV VV VV VH  VV VH  VV VV VV VV 
377B_1365_F3 BB BB BB R BB BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_794_F3 BB BB BB R BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_953_F3 BB BB BB R BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1079_F3 BB BB BB R BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1122_F3 BB BB BB R BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1296_F3 BB BB BB R BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_713_F3 BB BB BB S VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1262_F3 BB BB BB S VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_348_F3 VV VV VV R BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_708_F3 VV VV VV S BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_1270_F3 VV VV VV S VV VV VV VV VV VV BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_935_F3 VV VV VV S VV VV VV VV VV VV VV VV BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_1323_F3 VV VV VV S VV VV VV VV VV VV VV VV VV VV VV BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_811_F3 VV VV VV M * VV VV VV VV VV VV VV VV VV VV VV VV VV BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_1287_F3 VV VV VV S VV VV VV VV VV VV VV VV VV VV VV VV VV VV BB BB BB BB BB BB BB BB BB BB BB BB 
Emir VV VV VV S VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
Het VB VB VB  VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
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 Table 4.10: Reconstituted genotyping results of the original F2 recombinant lines by combing the F2 flank g markers information (Chapter 2) with the genotyping 
results of the test lines in this chapter. The genotyping results of F2 recombinants and n-recombinan  (original flanking markers information in Chapter 2) were 
used to construct the linkage map of segregating markers on the entire F2 population.
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200A12  BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_311 BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_1073 BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_1120 BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_1325 BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_14 VB VB VB VB VB VB VB VB VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1365 VB VB VB VB VB VB VB VB VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_794 BB BB BB BB BB BB BB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_953 VB VB VB VB VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1079 BB BB BB BB BB BB BB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_1122 VB VB VB VB VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1296 VB VB VB VB VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_713 VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_1262 VB VB VB VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
377B_348 VV VV VV VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_708 VB VB VB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_1270 VV VV VV VV VV VV VV VV VV VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_935 VB VB VB VB VB VB VB VB VB VB VB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB BB 
377B_1323 VV VV VV VV VV VV VV VV VV VV VV VV VV VV VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_811 VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VB VB VB VB VB VB VB VB VB VB VB VB VB 
377B_1287 VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB BB BB BB BB BB BB BB BB BB BB BB BB 
Emir VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV VV 
Het VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB VB 
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Construction of linkage map 
In the present study, the barley leaf rust resistance gene conferred by the H. bulbosum introgression 
of IL ‘200A12’ was mapped to the proximal portion of the original introgression region. The 
resistance locus 200A12_LRR (leaf rust resistance) was 0.11 cM distal to the flanking markers 
CM_1186, KS240con and CM_1187 and 0.04 cM proximal to CM_1143, CM_1144, CM_1191 and 
CM_1194 (Figure 4.8).  
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Figure 4 .8: Genetic linkage map of the Hordeum bulbosum introgression of IL ‘200A12’ on barley 
chromosome 1HL. DNA markers CM_1186 and H31_14212 in red were the flanking markers used to 
detect recombinants. 200A12_LRR in blue indicates the position of barley leaf rust resistance 
mapped to the introgression region. Numbers to the leaf of the bar indicate genetic distance (cM) 
from the proximal marker (CM_1186). Linkage map was constructed using MapChart v2.2.
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4.4 Discussion 
The host response of the 22 test lines to P. hordei was identified in this study with the use of 
conventional visual assessment and quantitative fungal biomass assay. The fungal biomass assay was 
proven useful when there were difficulties in phenotypic differentiation between resistant and 
susceptible lines for visual assessment. The resistance gene to barley leaf rust conferred by the H. 
bulbosum introgression of IL ‘200A12’ was mapped to a reduced sized introgression with 0.15 cM. 
By using both assessment methods, resistant or susceptible disease responses were easily confirmed 
for the lines having both a large amount of uredinia and susceptible infection types or both having 
very few uredinia and resistant infection types, respectively. However, these ideal pathological 
phenotypes were not always observed for all the test lines. Line ‘377B_14_F3’ had infection types like 
resistant parent ‘200A12’ but ma y uredinia, while ‘377B_811_F3’ had infection types like susceptible 
parent ‘Emir’ but low mean infection frequency. The latter assessment with fungal biomass also 
indicated that lines ‘377B_14_F3’ (fluorescence units 19.0% higher than ‘200A12’ and 24.0% lower 
than ‘Emir’) and ‘377B_811_F3’ (the fluorescence units 21.7% higher than ‘200A12’ and 19.9% lower 
than ‘Emir’) might possess intermediate pathological phenotypes compared to their susceptible and 
resistant parents.  
Thus, the disease responses of these two test lines were further examined by using genotyping 
results with DNA markers and the lines having confirmed disease responses. For instance, genotyping 
result indicated that ‘377B_811_F3’ had a reduced sized homozygous introgression at the distal 
portion of the original introgression region. The lines with slightly longer introgressions, for example 
‘377B_935_F3’ and ‘377B_1323_F3’, were confirmed as susceptible, thus the only possible disease 
response for ‘377B_811_F3’ was susceptible. While for the line ‘377B_14_F3’, a reduced sized 
heterozygous introgression was identified at the proximal portion of the original introgression region 
where the resistance locus was also located, making the identification of disease response more 
complicated.  
To explain the intermediate phenotype caused by the heterozygous combination of resistance 
alleles, the first possible reason could be the incomplete dominance or dosage effect of resistance 
allele. In other words, the allele conferring disease resistance did not completely express, resulting in 
the lines with more copies of resistance allele being more resistant. The incomplete dominance of 
barley leaf rust resistance was also reported by other studies. In the study by Jim et al. (1996), 
incomplete dominant resistance genes to barley leaf rust were identified in accessions PI 531841 and 
PI 584760. Another possible reason in the case of ‘377B_14_F3’ could just be phenotypic variation. 
Because only one plant from ‘377B_14_F3’ was used to evaluate its disease response, no matter what 
inheritance patterns the resistance allele had, an intermediate phenotype was observed due to the 
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influence of non-genetic factors such as temperature and light. In addition, the varying phenotypic 
responses were also observed for other test lines. For example, line ‘377B_811_F3’ without 
resistance alleles showed even less mean uredinia number than some other lines (e.g. ‘377B_311_F3’ 
and ‘377B_1073_F3’) which have resistance alleles present. Thus, future studies should investigate 
and confirm the inheritance pattern of resistance allele and the pathological phenotype of 
heterozygous combination of resistance alleles.  
The comparison between visual assessment and fungal biomass assay has already been discussed in 
Chapter 3. Fungal biomass assay was considered to be a more quantitative and objective method 
which produced results to reflect the real disease responses of test lines to P. ho dei. In this chapter, 
the fungal biomass assay was still considered to generate a better phenotypic results than visual 
assessment. The main problem of the visual assessment in this chapter was still that the phenotypic 
difference between test lines could not be quantified. Infection frequency was the only quantitative 
parameter for visual assessment and a high correspondence (R2 = 0.84) between mean uredinia 
number and fluorescence of infected leaf tissue was observed in the phenotyping experiment. 
However, this quantification based on uredinia number ignored other important characteristics of 
rust infection, for example uredinia size, and had very limited value when this parameter was used 
alone. Thus, to determine the disease responses with visual assessment, a number of different 
methods (i.e. infection type, infection frequency and latent period) were usually used for evaluation. 
However, when conflicting results were obtained by different methods (e.g. low mean IF but high 
ITs), the evaluation of disease responses would be very difficult. 
For the fungal biomass assay in this chapter, no extra plants from each line were set up to check the 
background fluorescence exhibited by the uninoculated leaf tissue due to limited seed of F3 
homozygous recombinant lines available. However, according to the results from the previous fungal 
biomass assay (Chapter 3), the fluorescent values of uninoculated leaf tissues from different lines 
were very low and did not vary among the lines. Hence, the influence of uninoculated leaf tissues on 
the fungal biomass fluorescence in the current study was expected to be negligible. 
Another noteworthy point of the pathological phenotyping is that the varying spore deposition 
among the lines did not have an influence on the mean uredinia number and the fluorescence of 
infected leaf material. For example lines ‘377B_348_F3’, ‘377B_1120_F3’ and ‘377B_1122_F3’ with 
spore densities higher than 40 urediniospores/cm2 resulted in lower infection frequencies and 
fluorescence of infected leaf tissues than susceptible control ‘Emir’. Conversely, lines ‘377B_935_F3’, 
‘377B_1270_F3’ and ‘377B_1323_F3’ with spore densities around 30 urediniospores/cm2 still resulted 
in very high infection frequencies and fluorescence of infected leaf tissues. 
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According to the phenotyping and genotyping results, the locus conferring disease resistance was 
mapped to the genomic region between markers CM_1187 and CM_1194 of the original 
introgression region of IL ‘200A12’. However, am ng all the molecular markers used for genotyping, 
none could provide enough resolution to distinguish the genotypes between lines ‘377B_348_F3’ and 
‘377B_708_F3’. Lines ‘377B_348_F3’ and ‘377B_708_F3’ resulted in the same genotype results for all 
the molecular markers used in the current study, but the resistant and susceptible disease responses 
were observed from the two lines, respectively. Thus, the study in the future could develop more 
molecular markers concentrated to the genomic region between markers CM_1187 and CM_1194 
and further narrow the H. bulbosum in rogression containing resistance locus. 
In spite of this, the introgression region containing resistance locus has been narrowed to a 0.15 cM 
region of the original introgression region. While in other fine mapping studies, about 2-5 cM 
genomic regions conferring agronomical traits of interest were usually identified (Kumar et al., 2016; 
Qin et al., 2011; Schmalenbach et al., 2011; Zhang et al., 2013).Thus, the markers f anked to the 
confined introgression region were considered to be tightly linked to the resistance locus and these 
flanking markers would highly facilitate the utilization of the resistance gene of IL ‘200A12’ in barley 
breeding programs through marker assisted selection (MAS). 
The closely linked markers could be used to help reduce the linkage drag caused by unwanted genes 
around the resistance locus. The linkage drag is the undesirable effect, for example yield penalty, in 
the genomic region introgressed with agronomical traits of interest, which can be explained as the 
situation when larger than expected genomic region are retained through cross breeding. From a 
practical point of view, linkage drag is considered to be one of the main constraints of MAS 
(Boopathi, 2012). In the study by Pickering t al. (2004), the l kage drag caused by the H. bulbosum 
introgression was reported in the IL ‘182Q20’. The results showed that in the absence of leaf rust 
infection a 25% yield reduction was observed for IL ‘182Q20’ in comparison with its susceptible 
barley parent cv. ‘Golden Promise’. While under a natural epidemic of barley leaf rust, the identical 
yield was obtained between IL ‘182Q20’ and cv. ‘Golden Promise’. 
In addition, with the help of closely linked markers, the barley leaf rust resistance gene of IL ‘200A12’ 
can be efficiently combined with other resistance genes in a same breeding line in a short period of 
time (Park et al., 2015). The durable resistance to rust disease in barley germplasm is believed to be 
one of the important objectives for breeding programs. However, the disease resistance conferred by 
a single resistance gene has been proven non-durable due to the presence of new rust pathotypes 
overcoming the resistance gene (Park, 2003). A better breeding strategy involves pyramiding multiple 
resistance genes in the same barley cultivar is considered to be able to increase the durability of the 
resistance of cultivar and reduce the chance of resistance genes being overcome (Golegaonkar et al., 
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2009) . With the help of closely linked markers to the resistance locus (diagnostic markers), the gene 
pyramiding can be accelerated through genotype selection for lines carrying multiple resistance 
genes instead of the complicated and time consuming selection based on pathological phenotypes 
(Boopathi, 2012). 
In the current genotyping study, a reduced recombination frequency between H. bulbosum 
introgression and barley chromosome was observed. According to the genotyping results based on 
the mapping population of present study, the original introgression between the flanking markers 
CM_1186 and H31_14212 only covered 0.75 cM. However, the Morex genome released by 
International Barley Genome Sequencing Consortium (2012) showed that the genetic distance 
between makers CM_1186 and H31_14212 was 6.515 cM. This indicated that there was an 8-fold 
reduction in recombination frequency between H. bulbosumand barley chromosome compared to 
the recombination frequency between barley genomes in the same region of chromosome 1HL. The 
depression of introgression on the interspecific recombination in H. vulgare/H. bulbousm 
introgression lines were also reported by other studies and up to 14-fold reduction in interspecific 
recombinant frequency was observed (Johnston et al., 2013; Ruge-Wehling et al., 2006). Thus, to 
map genes of interest of H. bulbo um introgression, a much larger mapping population is required 
compared to mapping the genes in barley genome. 
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Chapter 5 
Concluding discussion 
In the present study, novel barley leaf rust resistance conferred by Hordeum b lbosum introgre sions
of two barley introgression lines (ILs) ‘200A12’ and ‘182Q20’ were characterized, and the resistance 
locus of the IL ‘200A12’ was mapped. 
Before undertaking the current study, the disease resistance of the ILs ‘182Q20’ and ‘200A12’ to P. 
hordei was only evaluated at seedling stage, and the host responses of these two introgression lines 
were characterized as partial resistance (Pickering et al., 2004) . However, the resistance level of 
these two introgression lines at post-seedling stages were still unknown. 
In this study, both introgression lines were proven to have partial resistance to P. ho dei at the 
seedling stage, which agreed with the results by Pickering et al. (2004). While at post-seedling stages, 
the disease resistance of the both introgression lines were increasingly effective against P. hordei.A  
plant development progressed nearly complete resistance was observed for both introgression lines 
at adult plant stage. To better characterize the disease resistance of the two introgression lines, a 
conventional method by assessing uredinia counts and disease symptoms, and a novel quantitative 
method by assessing fungal growth in the infected leaf tissues (Ayliffe et al., 2014) were both used. 
This quantitative method proved useful to evaluate the host responses of barley plants especially 
when phenotypic differences between lines were very subtle and host responses could not be 
determined by conventional visual assessment method. The disease resistance of the two 
introgression lines to P. hordei at po t-seedling stages was determined to be very effective for both 
assessment methods. This finding in the present study proved that the barley leaf rust resistance 
conferred by H. bulbosum introgressions of ILs ‘182Q20’ and ‘200A12’ have very important values to 
barley breeding programs for effective and durable resistance to P. hordei. 
In addition, the evaluation of disease resistance of IL ‘200A12’ to P. hordei at different plant growth 
stages provided very important information for the final phenotyping experiment with recombinant 
lines derived from ‘200A12’ and ‘Emir’. For example, the finding that IL ‘200A12’ had more effective 
resistance to barley leaf rust at post-seedling stages directed the phenotyping experiment to be 
carried out at tillering stage, which enabled the phenotypic difference between susceptible and 
resistant recombinant lines to be easily identified by using a short period of time. 
Another important result of the present study was that the H. bulbosum introgre sion of the IL 
‘200A12’ containing resistance locus was narrowed from 0.75 cM to 0.15 cM (the genetic distance is 
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based on the F2 mapping population in current study) and located at the proximal end of the original 
introgression region.  
Prior to the commencement of the present study, the original H. bulbosum introgression region of 
the IL ‘200A12’ had been located at the distal end of barley chromosome 1 HL (Wendler et al., 2015) 
with a genetic distance about 6.5 cM based on the Morex genetic map released by International 
Barley Genome Sequencing Consortium (2012). To map the resistance locus to a reduced sized 
introgression region, an F2 mapping population derived from ‘200A12’ and ‘Emir’ coupling with a 
limted mapping strategy was used in the current study. The primary principle of this mapping 
strategy was to concentrate genotyping and phenotyping efforts on the F2 interspecific recombinant 
lines which had reduced sized introgression segments. Because for the F2 non-recombinant lines, 
only three genotypes as parental lines ‘Emir’ and ‘200A12’, and the F1 hybrid derived from ‘Emir’ and 
‘200A12’ will be identified. For these three genotypes, the genetic linkage of the original 
introgression was still not broken. Thus, genotyping and phenotyping on these F2 non-r c mbinant 
lines could not provide any informative results from genetic mapping point of view. 
An F2 population of 1368 plants was used to identify F2 intersp cific recombinant lines with the 
screening of two flanking markers linked to the limits of the original introgression region, and a total 
of 19 F2 heterozygous recombinant lines were identified. Due to the original introgression was 
already a very narrow genomic region covering 0.75 cM (based on F2 the mapping population in the 
current study), the probability of the presence of F2 double recombinants was very low. Thus, in the 
case of current study there was no need to use additional markers to identify th negligible F2 l nes 
which had double recombination events. In addition, to identify more F2 interspecific recombinant 
lines in the current study, increasing the mapping population size would be more practical than 
adding additional markers used for screening. 
To simply the subsequent genotyping and phenotyping experiments, only F3 homozyg us 
recombinant lines were used. Because prior to phenotyping these recombinant lines, the inheritance 
pattern of the resistance gene of IL ‘200A12’ was still unknown. The genotypes segregation of F3 
progenies derived from each F2 h terozygous recombinant line would result in dubious phenotypes 
to P. hordei if all the F3 progenies within each F2 family w re used for phenotyping. 
With the help of extensive experience in characterization of disease resistance of IL ‘200A12’ at 
different growth stages, the phenotyping experiment with F3 homozygous recombinant lines was 
undertaken at tillering stage. The intermediate resistance to P. hordei of a heterozygous recombinant 
line ‘377B_14_F3’ carrying one copy of the resistance allele demonstrated that the inheritance 
pattern of the resistance gene of IL ‘200A12’ could be incomplete dominance. Future work should be 
carried out to confirm the inheritance pattern of the resistance gene conferred by IL ‘200A12’. 
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Maker genotyping was also conducted with F3 homozygo s recombinant lines. The genotypes of the 
original F2 heterozygous recombinant lines for molecular markers used for genotyping were 
reconstituted by combining the genotyping results of the F3 homozyg us recombinant lines and the 
flanking markers information of the F2 heterozygous recombinant lines. This mapping scheme both 
reduced the workload and cost associated with genotyping the entire F2 population (because there 
was no need to genotype F2 non-recombinant lines with molecular markers) but also enabled the 
genetic distance between markers to be remained accurate for the complete mapping population. 
Based on the F2 mapping population in the present study, the original introgression region between 
flanking markers CM_1186 and H31_14212 was mapped to cover a genetic distance of 0.75 cM, and 
a total of 47 molecular markers were used to genotype F3 homozygo  rec mbi ant lines within this 
region. By combining the phenotyping results, the H. bulbosum introgre sion containing resistance 
locus was narrowed from 0.75 cM to 0.15 cM at the proximal end of the original introgression region. 
The finding, which could further narrow the genomic region containing resistance gene, was 
obtained from the genotyping and phenotyping results of ‘377B_348_F3’ and ‘377B_708_F3’. These 
two F3 homozygous recombinant lines had same genotype results for all the molecular markers used 
for genotyping, but the resistant and susceptible host responses were observed for ‘377B_348_F3’ 
and ‘377B_708_F3’, respectively. This indicated that the resistance locus was located in the area 
where the introgressions of these two lines were different in size. However, in the current study, the 
molecular markers did not provide enough resolution to differentiate these two lines. Future study 
should be conducted to develop more markers to this genomic area and further narrow the H. 
bulbosum introgression containing resistance locus. 
Another finding of the genotyping experiment was that the H. bulbosum introgression of IL ‘200A12’ 
had a depression on the interspecific recombination frequency. The Morex barley genetic map 
released by International Barley Genome Sequencing Consortium (2012) showed the genetic distance 
between flanking markers CM_1186 and H31_14212 was 6.515 cM, while based on the mapping 
population in current study the genetic distance between these two flanking markers was only 0.75 
cM. An 8-fold reduction in recombination frequency between H. bulbosum and H. vulgare genomes 
in comparison with the recombination frequency between H. vulgare gen mes in the sam  r gion of 
chromosome 1HL was obtained. This result showed that to break the genetic linkage of H. bulbosum 
introgression of barley introgression liens a much larger mapping population is required. 
In summary, in the current study the disease resistance conferred by the two H. bulbosum 
introgression lines, ‘200A12’ and ‘182Q20’ was proved to be very effective especially at post-seedling 
stages. The generic mapping of the resistance gene of IL ‘200A12’ narrowed the introgression region 
containing resistance locus and identified markers closely linked to this confined genomic region. 
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These closely linked markers will be used as molecular tools for barley breeding programs to 
accelerate the utilization of this valuable res stance gene of IL ‘200A12’. 
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Appendix A 
A.1.1 One way ANOVA results for uredinia development between barley lines ‘182Q20’ and 
‘Golden Promise’ after inoculation with Puccinia hordei at seedling stage. 
 
A.1.2 One way ANOVA results for uredinia development between barley lines ‘200A12’ and ‘Emir’ 
after inoculation with P ccinia hordei at seedling stage. 
 
A.1.3 One way ANOVA results for uredinia development between barley lines ‘200A12’ and ‘Gus’ 
after inoculation with P ccinia hordei at seedling stage. 
 
A.1.4 One way ANOVA results for uredinia development between barley lines ‘200A12’ and 
‘Golden Promise’ after inoculation with Puccinia hordei at seedling stage. 
Source of 
variation 
SS df MS  F P-value F crit 
Lines 39.013 1 39.013 1.272 0.275 4.493 
Residual 490.475 16 30.654    
Total 529.489 17     
 
A.1.5 One way ANOVA results for fungal biomass fluorescence of infected leaf tissues of six test 
lines after inoculation with Puccinia hordei at seedling stage. 
Source of variation SS df MS  F P-value F crit 
Lines 503758.471 5 100751.694 224.796 2.0098E-11 3.105 
Residual 5378.279 12 448.189    
Total 509136.750 17     
 
Source of variation SS df MS  F P-value F crit 
Lines 345.260 1 345.260 27.509 8.01337E-05 4.493 
Residual 200.811 16 12.550    
Total 546.072 17     
Source of 
variation 
SS df  MS  F P-value F crit 
Lines 296.055 1  296.055 5.420 0.033 4.493 
Residual 873.919 16  54.619    
Total 1169.975 17      
Source of variation SS df MS  F P-value F crit 
Lines 32.895 1 32.895 0.748 0.399 4.493 
Residual 703.368 16 43.960    
Total 736.263 17     
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A.2.1 One way ANOVA results for uredinia development between barley lines ‘200A12’ and ‘Emir’ 
after inoculation with P ccinia hordei at growth stage 21. 
Source of variation SS df MS  F P-value F crit 
Lines 1032.598 1 1032.598 15.588 0.00115 4.493 
Residual 1059.876 16 66.242    
Total 2092.475 17     
 
A.2.2 One way ANOVA results for uredinia development between barley lines ‘182Q20’ and 
‘Golden Promise’ after inoculation with Puccinia hordei at growth stage 21. 
Source of variation SS df MS  F P-value F crit 
Lines 5442.722 1 5442.722 98.102 3.13794E-08 4.493 
Residual 887.679 16 55.479    
Total 6330.401 17     
 
A.2.3 One way ANOVA results for fungal biomass fluorescence of infected leaf tissues between 
lines ‘200A12’ and ‘Emir’ after inoculation with Puccinia hordei at growth stage 21. 
Source of variation SS df MS  F P-value F crit 
Lines 597664.344 1 597664.344 1185.925 4.24228E-06 7.708 
Residual 2015.858 4 503.964    
Total 599680.203 5     
 
A.2.4 One way ANOVA results for fungal biomass fluorescence of infected leaf tissues between 
lines ‘182Q20’ and ‘Golden Promise’ after inoculation with Puccinia hordei at growth stage 21. 
 
A.3.1 One way ANOVA results for uredinia development between barley lines ‘200A12’ and ‘Emir’ 
after inoculation with P ccinia hordei at growth stage 32. 
 
 
 
Source of variation SS df MS  F P-value F crit 
Lines 924910.638 1 924910.638 2803.931 7.6135E-07 7.708 
Residual 1319.448 4 329.862    
Total 926230.087 5     
Source of variation SS df MS  F P-value F crit 
Lines 30889.932 1 30889.932 127.399 4.97021E-09 4.493 
Residual 3879.432 16 242.464    
Total 34769.364 17     
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A.3.2 One way ANOVA results for uredinia development between barley lines ‘182Q20’ and 
‘Golden Promise’ after inoculation with Puccinia hordei at growth stage 32. 
 
 
A.3.3 One way ANOVA results for fungal biomass fluorescence of infected leaf tissues between 
lines ‘200A12’ and ‘Emir’ after inoculation with Puccinia hordei at growth stage 32. 
 
A.3.4 One way ANOVA results for fungal biomass fluorescence of infected leaf tissues between 
lines ‘182Q20’ and ‘Golden Promise’ after inoculation with Puccinia hordei at growth stage 32. 
 
 
 
 
Source of variation SS df MS  F P-value F crit 
Lines 31222.2284 1 31222.228 104.544 2.01452E-08 4.493 
Residual 4778.395 16 298.649    
Total 36000.623 17     
Source of variation SS df MS  F P-value F crit 
Lines 1239231.236 1 1239231.236 2444.983 4.58862E-09 5.987 
Residual 3041.079 6 506.846    
Total 1242272.315 7     
Source of variation SS df MS  F P-value F crit 
Lines 1191463.68 1 1191463.68 1746.591 1.25551E-08 5.987 
Residual 4092.989 6 682.1648    
Total 1195556.669 7     
